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The signaling pathway of mechanical stress on the expression and receptor activator of NFkB

ligand in human periodontal ligament cells

Abstract

The function of periodontal ligament (PDL) cells is to control homeostasis and prevent
damage of periodontal tissue in order to maintain the function of the tooth. Therefore, these
cells, similar to osteoblast, always receive the mechanical stress from the mastication, speech
and orthodontic forces. The aims of this study are to examine the effect of mechanical stress
on PDL cells, particularly on the expression of osteopontin (OPN) and receptor activator of
nuclear factor kappa B ligand (RANKL) and the mechanisms involved. PDL cells were
established from periodontal tissue of extracted wisdom teeth or teeth extracted for
orthodontic treatment. PDL cells were treated with compressive forces and the changes in the
expression and synthesis of OPN and RANKL were observed by reverse transcription
polymerase chain reaction and Western analysis, respectively. The results showed that
compressive force directly induced the opening of hemichannel gap junction, especially
connexin43 (Cx43) in PDL cells, resulted in the release of ATP into extracellular space.
Extracellular ATP could activate the P2 receptor on the cell surface. Activation of P2Y,
especially P2Y1 receptor increased the expression and synthesis of OPN and also induced the
release of prostaglandin E2 (PGE2). Subsequently, PGE2 induced the expression and synthesis
of RANKL. Increase of OPN and RANKL could facilitate the differentiation and activation of
osteoclast. In conclusion, this study reveals the novel function of ATP, P2Y receptor and

hemichannel proteins in the regulation of PDL cell function.
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1. \eANHINA INT8IUsINATaNATINIZAUN1TuARIEANTDY RANKL uaz OPN lumadidutinisviusfluudaes

(1) ANHANIUFIBINIINILH WAL UINATINATUN1INTLAUN1TUAY ATP
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(2) HaTBY ATP NYNNAIRBNNITLNINITHUNNIUAAIRBNTEY RANKL Laz OPN
(3) AHANIUEIRY P2 receptors (ATP receptor) IUNINITHUNITUAAIEANTDI RANKL waz OPN
2. [ileANENANNATUEIINTUEAIRENTAT P2 receptor subtypes TutradidutiniFviusuyeed luudaas
(1) ANNANAUEUBINTUAAIBBNTRY P2 receptor A9 AL szaizpne]lunaiuln (Differentiation stage) 184
TAMAUE ALY
2) mwﬁuﬁuﬂumin@zéjuﬁfmLmﬂmL%qn@ﬁumit,ﬂﬁﬂuuﬂmmﬂmm@ﬂmm P2 receptor TAF147
3. leAnEANLANTUE (Crosstalk) 3e1qN9AtytUnaunes P2 receptors il me’]m%uj‘ﬁlLﬁﬂQ%ﬂ\iﬁUﬂﬂﬁ‘ﬂ??&ﬁuﬂﬁﬁ‘

WARNEENI8Y RANKL uaz OPN anussnadanalumasidutinfaviuduywsd 1iun Aonuduiugazudng p2

receptors L COX-2 Tun13n9s{1s RANKL wazfil Rho kinase Tun1snszsu OPN

HANIIANUUNNTNLIN

1. usenalanagnanInnszuntauas ATP WigadiSutinsvius

2. mwﬁl’\i ATP AMNKNATAUNNAITNNG AN gap junction hemichannel IAElaNIE connexin 43

3. n19nszrun19la hemichannel Fuustiunsinss iU @anneliaad w thapsigagin-sensitive
WA IP3-dependent pathway

4. ATP nszAuNsuansannaas RANKL uaz OPN lumasifutini5yius azifindiunie P2Y1 receptor

5. NMINILHUNITUARIBANTDI OPN Tulsadidutinildvius azduWusiu Rho kinase



Extracellular ATP N9¢AUN134AANB8NU83 RANKL Tnein19894ty ey nueinunid P2Y1 receptor uay
NITAUNIINNIULBI PKA/NFKB FeazlLliinamds PGE2 arniiu PGE2 asaglinszgunisaing
RANKL

AR ERE AL AnNsudnsaanaed P2 receptor uanetiia M P2X7, P2Y1, P2Y2 uazP2Y4
receptors

aRBUEALFTUAU A ATP 88NANNEARENUNNG hemichannel Wal#fULsanaEana
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AR AU ALTTUANNNILAAYAANTEY hemichannel Maeia waTaRNaaTasiunIslant ATP e

ARSULIINAITNNA AB connexin 43
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A A I o o 9 o
a9 RalIUs e fnTunnaalaiEa lilANMNN LN LN AENT

' ¥
v & v o N v

nsadidut al3iudnintdnnlunisngsiu inlimadiuanil feedudaduussegifaunaantaan

, A o - = el o o o o v = - = . X A
Lﬁul,ﬁil']ﬂulfﬁ@@ﬂﬁ‘z@ﬂ Imﬂiuﬂ?mﬂ@\iﬂﬁﬁ@ﬂ Lﬁ@@ﬂmﬁﬂu’miumiiugm\i ARLTIARN osteocytes sﬁﬂ@%ﬂqﬂiul,uﬂlaﬂ@

wia Tneagflulareaineailizandn a1Aun (lacuna) a4 osteocytes AziluanausunInneniiulluvierdn nEunda
canaliculi  Ingviawanil iludesnssinsaszndnsaiguilnsey uazfnseiuiaasnszgn osteoblast NHAINTEAN
' . X a . , ~ Yo o o § v a P X \ \
neluviewanil axd tissue fluid aninu uazidenszanlaFuuss fazinliiianisiinsaues bone matrix wazdenase
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¥ S X 4 o . 4 e u i o
ueANTINIERUNNaLIesNanadedyau N e luEas (secondary messenger) Tavn llgnasilasuutlasnig
LAABANTANEY NILLIUNIAINAI9T FaNg1 mechanotransduction (Turner and Pavalko, 1998)
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Tunstilaasusanal@ang (mechanical stress) Asesunsluamadnszgn uazlumadidutniFviusidn auisn
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WinszAuNIsaiuarnisudanseantesllsfuned Suumes uaaiwef eaviduieriuauild lawnu (receptor
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nszgn (osteoclast) e lumadidutinisviudnalnniiatudednyoyiniiiunielalaasandaiug-2 (Cyclooxygenase-2



W78 Cox-2) TINAAINAIIABAAABITUINLNIUAILARIIN WSNAEINNAAINNIONTZAUNNINNAENIZAN (Kanzaki et al.,

2002; Yamaguchi et al., 2006; Evans et al., 2006)
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2047 lalls7ae3u (osteoprotegerin or OPG) uay aadh lanawiiu (osteopontin or OPN)

aaanlallsniaesy vize OPG lulilsAunnuludl 1997 Mmdhnlunisdudenisinnuaesaadaanansegn
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Tnan19quiy RANKL A9l anna1e9n196519 RANKL uaz OPG lwitlawtie luiladedqdnylunismaugunisminanm
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LBUTARNNANENTZAN (Simonet et al., 1997; Tsuda et al., 1997)
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Vnaenszan (chemotaxis factor) lidnanlutdnnminisazaraueanszgnang ANNEIATYIE9 OPN Aan1svinuting

PR9adNAENszan azwinlidaainuaainnisdnm lunyildinsuanseanaesesai lanauiin (osteopontin-null
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finaanszaniinldlianysnd iesainetadefitesdnihnaadeuiidanseseadinaansegn site 11ailaded

@ﬁuwumiﬁmLmzbﬂfamaﬁﬁuﬁfm@z@ﬂ (Ihara et al., 2001; Ishijima et al., 2002; Chellaiah et al., 2003)
meeludamaneslag Terai wazAnz (1999) WAL Fujihara LATAMY (2006) WAPIHATINNTLALUIINA

Fanalunszgnitiulpenisieiy aransnidfiunisadie OPN lumadnazan uazannisdnenlusadidudnsmu

NYBENLIIUINATINAAINITANITHUN1TUAAIDBNTBS OPN Taduiu Inaniunnelsflama (Rho kinase pathway)
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(Wongkhantee et al.,2007) uanslivindn OPN iflulilsfiundnsianilangnnszaunisuanieanilamasiaue nlsviug
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IHFuusanaianaduneaiunfiaiuasnazgn  usedslafia deyanisdnunlumafidutaBviusiadagiaanin
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ann9AnE lumaanaNHaEHU WUq1 Rho kinase Rdnuinendeeiunisianiaanaed OPN (Chaulet et

al., 2001, Kawamura et al., 2004) uazn1snsefuiliinainnisldtianalalng (Nucleotides) visannsldnglaaFunnigs
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X e a 1 a o o) o o A a s oA Aye ad
TUENTULNRTU ﬂuU@HuLLuQﬂﬂqq uQﬂ@IﬂVLV]ﬂNUV]U'W]ﬂq TUFABANITULAANRANUD OPN Tmﬂu')ﬂ@?ﬂw&mumwg nAAa

ATP (Adenosine triphosphate) Tafisnea1uan @anunsanuiing lusadesadyniuniauaniaas (extracellular
messenger) Tuilleitanataaiin (Burnstock and Knight, 2004)
Hosaudnmasuangtin WagnnIzfusmausuting arnauauedlaan1Iuas ATP aanuiuas ATP dazds

AadtyounusuAaFL (Receptors) aiia Purinergic membrane receptors %38 P2 receptors (Schwiebert, 2000) nn3

' ' v
o =

a9 ATP Miimduinutiiiluisansdednyoyroudena (Mechano-transductor) snulilfimaddneimasvizasaimadio
(Nakano et al., 1997; Yamamoto et al., 2000; Furuya et al., 2005) ﬁq@ﬂ'wmiﬁﬂwﬂuvﬁm’m:@nwudﬂ ATP @11190)

NITAUNITAT IL-6 UATUEINIULAnIean1es OPG uanantiu ATP €ansefunIsineIuledsaqesailanaaniu

o

NNNNINTEAUNITUAAIBANTDI RANKL (Buckley et al., 2002) andayamaiiianananalidn ATP heiladadndnysin

wiklunispauANaNnatireInszgn

a a an

73U (purine) waz WaNAW (pyrimidine) Tedauluay THun

v o o

FiaFu W (P receptor) Lﬂuﬁq§uuuaaLeﬂ@§ﬁsu§ﬁiﬂ
avAluTU (adenosine), ATP, azaludulanaawn (adenosine diphosphate, ADP) kas gﬁ?’]?ﬁ@vl,mwfame%ﬁﬁ (uracil
triphosphate, UTP) 'ﬁlfﬂgmﬂu@mmﬁ ﬁqi”unrojm‘ﬁ wiisaantdudafu W 1 (P1 receptor) wazsiadu A 2 (P2 receptor)
Imel ligand wdnua9 P1 receptor An azdludu daulaunuduanaas P2 receptor An Handlalng la uazlnsaan
&un ATP, ADP uaz UTP

P2 receptor gnAuNLLAzIeWluT A.A. 1978 LL@zﬁiﬂmwudwﬁﬁﬂumjuﬁ annsouLveandungutias
161 2 ngu A A 2 land (P2X) waz W2 e (P2Y) ﬂi‘:ﬂ@‘urﬁw’wzﬁm%nwﬁﬁﬁ’uwﬂuﬂwﬂu 15 5im T P2X 7 afim

An P2X1, P2X3, P2X4, P2X5, P2X6 waz P2X7 uwaz P2Y An 8 46 An P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12,

P2Y13 Waz P2Y14



10

Thseaigaeiady P2X tsznausaeuieties 3 wiae (3 subunits) Iasusazmion Hanwaiziily Ynsua
WIHLLTUTALNL (two transmembrane domain) TaNAaiueas ?nmmauqﬂ (cysteine containing extracellular loop)
L X . - , . ¥ o A y
wazaetiasinanil azsndsznauiuiiluuandeauuauuia (cation channels) (931) At lwan1azdni iWanszsu
o o o o Y a 1 =l a = a % 1 I = a
nM3N9IuEaeaail P2X Az liiianisinaduaes Tnhanseeu way uaadandesy nguad uazlilunadond
AAU NIUABNANLEAR ﬁﬁ"l,ﬂzjmmmmmmmw&hqﬁﬂﬁmmﬁqLsmﬁ(depolarization) UBNANNH NFANILFLUDY
= a o v 1 1 o Yy
whaLTeNdaew insysunisdeinudtyananialumad Lasos
daulnseaFrevessiaiu P2Y azflusaiulungs wmouw neuaduiusulaiuu (seven transmembrane domain)
Ao [y a . . 5% &« . ¥ « =
PRUanan 9i ezl (amino or N-terminus) AEPUUDNURILTAA (extracellular N-terminal) wazlangmnuAfsuand
. 1 & o a 1 o o a e‘d‘-ﬂl 1 a = a a @ '
(carboxy or C-terminus) aginglwmad dniduanidnieangusdiuuuicmaanaadn allsavaeuila Tidumes (G-

protein coupled receptor; GPCR)

ATP
/ Ca?* Na*
P2YR \

N P2XR
OQutside

Inside

K+

NWLEAILASIRGIIURIAITUN 2
Tasea¥neueeiaduil 2 Sauteaniilu 2 ngu Aia P2X uaz P2Y Taasiafu P2x arfilassa¥railu 8eewu umuuua (on channel)

Aousngu P2Y azilassadradlumnu neudidiniusulaiuu (seven transmembrane domain)

sad lusanesgdaulun aznusiady A 2 eguuiocad aenelsfia tasusazasiin azdain uaviBuiaes

fodu i 2 allntesuansneiull i Tuaasuealnglad (astrocytes) axwu P2X1-7 way P2Y1,2,4,6  L1a8LUABA
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RBAATNL P2X1,4 uar P2Y1,2  adAuAsny P2Y1,4,6,13 TUansitasaaIenszgnasny P2X2,4,7 uay P2Y1,2

v
o

(Hoebertz et al., 2003) A5 UmARBUEAUITUF a2WUNITHAAIAANTI P2X7 WAL P2Y1,2,4 (muﬁ@“ﬂmﬁﬁ)
fananaudadn launusudnsauiisres fiu 2 Ae ATP delnenfude ATP %gﬂm%ﬁumﬂmzmuﬂw
ganetnnng viselasiu neluaad wasvmtinguuamdsanuneluaad e ATP azflufagarinundsanlyds
Tanasinee drudufanssunieluesg wananh ATP  flafluduginm (substrate) aaataulmd acftiian lbpag
(adenylate cyclase) ileane laadn axaTudu Tulu Weawln vie loadn oSy (cyclic adenosine monophosphate,
CAMP) ﬁﬂuimqmm Foytunnd (signal transduction) dnAtuneluaag (Wang et al., 2004)
wananunumnalugaduda ATP ﬁaﬁwﬁﬁﬁl,ﬂu‘ﬂm@q@‘é@ frytunne nnevanaad lasae Tunstlaaagad
Uszan ATP anduluianadifny ﬁﬁmi’lﬂﬁﬂuimaqagaﬂ?:mm (neurotransmitter) Iaenuegly FUWLLAN AR
LlAA (synaptic  vesicle) wadianailszann FalussunnlsramanluFodn Fuwman (sympathetic) wagluseiiu

k7 o

dszamiuanuian wanainil ATP Ssinutiniineadaeiunisuiesn n19ulsanin uazN19AIBRLLNIIIIAFILEN

o

(apoposis) lwiiaiEiavaeailn 1w Rontl ndnile nezan uay sTULYRANMY (immune system) Tnsdedoyounns
1 o o =
HAUNGFATU W 2

HAv8 ATP lunn9nsesiunisinenuaesmadiiuniesiady A 2 Tnganiylunsdiaessodu P2y wudndawlgy
azlinszdunianieuses waalwlaia @ (phospholipase C; PLC) Tsazdainsnziiduadnea lnsnaas (inositol

triphosphate, IP3) uaztivnszAuwpaisndaaunelumad nszfusadudainisinauaesaulsd exailas lonaa G

10 lUgn194519 CAMP 991919N19AILIANNIINNUTES BOE UTULWA

& o

ununaes ATP TuasidutinBiudresyediaiioanin diNeesseulag Kawase WazAME NLAAIGN

1% o o

ATP gunsafusannAuingessas wastiiasiininingadesiunsundnilass (Regeneration) a84iieLga1/3vius
(Kawase et al., 2007) fstiunisAnsfenalniineadasiunisnsegunisuansaanaas RANKL uaz OPN a1nnnsgn

Y v a | a‘ ¥ a a s & K o & | QI ¥ RXR—a a
mmummmﬂmmn@%mmwmm’mmﬂ@“lum'maw'ﬂ\‘ufm@L@uﬂmﬂ?‘wum uazdaeLNANIdNlaNNENENATAY

'
2 o & X

wsatinszrindedunazileitioduindsvud dasifdudszloadsanisinlddscyndldnieivanssusialy
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mmmumﬂ?wum:gﬂLWﬂzmmmummuaLﬁ@memﬂ?wummQﬂqwmnauﬁuwmmmmzwﬂ’mm AT

| ¥

o Ay s X A e o=l X X A dns 5
AununnaAtans 7 ldtsealsrresiuiaziladosyius wadn dlunimeaaasaziniziaasanniiladen idannauld

pgnaties 3 AULATETENLEAR laNaansinetasetlAe UnAui lduianadaanegmnivinasiaanssd (Phosphate

buffer saline) NsAanimenans|ais aniuldluiiainsansaaniaeyaitietaliiuseanainiasniuanizy

al

L3nAeuNane (middle 1/3) 1e4snitu Waitlanyaldazgnineaniduduédnc udarllanluauaesad (tissue
culture dish; Nunc) 2u1A 35 RARINAT 81UTLAEIaaT A2 DMEM (Dulbecco’s Modified Eagle Medium) 7ilAs
o . v = . ad g (-4 d”
A7H (fetal bovine serum; FBS) fatias 10, NgAINU (glutamine), mﬂgmuz (antibiotics) HAZLNBAAULTAT
. , X . o . o 2 . & Y &
(antimycotics)  IMNTRETARALYNUALUNNTUAWTARAADUBBNAINTULBNIBE UUAULALN A1NTUBINNILALS
wagavgnidazudilaniay 2 A
o , . < & d & 5 c . & & .
WHaITAFUBAUR LA TYAUANN LN I8 WAL sUAL adazgnataeanllidasluaruasmad s
1110 60 Hadwwms uazsutudumadiui 1 ndeweintugadazgnunuluailudnsdau 1:3 (druaad 1 T3 209

v
o

IIARTINVINARBAUAENLTAR 1N 1 A1) iaan 1 lunnsneassazldimadluiui 3-6

n1enseFuEasAL compressive force Wiaa¥19usedniEing

sragazgnuduasuaudsauuy 6 vgn Wunan 1 AN AINUWAINIZAURIELsINALLL  continuous
compressive force lagln1auzaunnan dasLuenaemaskasiinintinas il ludassans 1.5-2.5 nFu/

ANTNITURALNAT ANNAIN
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ANNTIN ﬁwﬁnﬁﬂmmuwﬂmmma %ﬁﬂﬁﬁqumzﬁmmmﬁ mmumiﬁi@iﬂﬁ ﬁ'ﬁ]

P=pPgh

Lfl"a P = pressure, P = density of fluid, g = accerelation due to gravity kaz h= height of fluid Tﬂﬂ‘ﬁl AN p
AT g Lﬂuﬂ"]ﬂ\iﬁl LA pressure 'QzLLﬂiﬂTquﬂ’l’WN@‘\ﬂI‘ﬂxﬂl'ﬂ\‘iL‘M@"J %Q%uﬁ/‘J_ILLNﬂﬂ‘LIU"]J@QLMﬂQ LAZANTAY pressure 9

v
o

winiulnamaamiaiuila (Fox and McDonald, 1978; Munson, 1998)

RNA uazlisfiv azgnanminennnisinseid Muan 24 dalue Tnainnmaaesiiaunieainigasnisses

angilae 3 98

N3ANEHINA INN1IRALALeIFAB LI NATINA Inein19 1 FaETLEN signaling molecules

TunmeasaiiannalnnisaeuauesaasaadautinFviug sausnaiang Magazgnudnu uaznITsusag
) A A a Y v a a o o . . ~
compressive force WMNAUNATUIYUINAL Tmﬂiu‘].mmqu%uﬂ’]iLmumﬁ‘ﬁum siganaling molecules asld 30 wh
neauBENnszaudaousy Tnaasdudan’ld tsznausas  suramin (G protein coupled receptor inhibitor),dn9giel
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a19¢6fuEl cyclooxygenase (indomethacine) sy dausindiutau annsagaeazdan i luumasnnluniawan
& 9 o ¥ XA AN v ' . o 2 o .
nadenldansdudanail inanmunlaiseeudn suramin @au1708UE9IN1991914a89 G-protein coupled
receptor @Lflunguuilaaag P2 receptors lagaINNaNI1IMAaasiuLda1aIAEA4d8wLdN Rho kinase WNaadasiunig
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Rho kinase uaziaanld NF449 iiasanndoaaninngueiasaes P2 receptor WHANAS wanantiunisaenld MSR2179
o dd e ey X
AIIEAUNE receptor TiNeadaalidalanay
wana1ni aziinsld ligand 224 P2 receptor $andan Tnedanld ATP iiasannidi universal P2 receptor
ligand Nd1ATy wazAnEnfaniunnsldansdiuds cyclooxygenase uaz @ansdiuda Rho kinase taAnEANNANRUS
20947y ry U luNIIALANNITUANIDENTEY RANKL Waz OPN AINNAIAL (H91897191 Waenadiena Huansefunig
AALAUDITBILTAR L NIUNWNNIINIZHUNIINAT WaRARIUNAUAY Anansnaaadiaulsd cyclooxygenase  §9uD9

$1E9NUINAMNANAUTTRY Rho kinase fUNMTULAAI28NT89 OPN) d3un13nnane ATP fag Apyrase azdaalfidnla

nalnnnedednadynnldnau

szt Banalilsfugaedatwansiuuunaiifularmsdudynusamaiiangaalsns v

llsAuannagazgnanasiog RIPA 1Wmas aniuasdnsunullsaudasgadniilsiu uazaiuauilsiun

wiriuluwsaznismasasazgnuansasiwiinly acrylamide gel (polyacrylamide gel electrophoresis) uaztAgaudne
Tsauasuuweiululnsaaglaa (Nitrocellulose) fog Wi

iwinlulnnaaglaails lfenfaaueufvenlgugfisellsaunsenisAnm téunse OPN, RANKL, OPG,

P2Y1, P2Y2, P2X1, uay P2x3 ilufu desdasueufiveanfaninsdeiueulsdilesaendina (peroxidase-labeled

secondary antibody) ”tytqumm OPN, RANKL, OPG, P2Y1, P2Y2, P2X1, way P2X3 @:qﬂmm@muﬁqmﬁ% auto-
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fluorography Taanisindauudululnsaaglasfifensiausuiuenuda dosgaasnadyyimuuuial

o

(Chemiluminescence detection system) aMntiuaInIRaLATY tyNUAaa Uk A aNLandLael
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RNA aNEtas lWusazn1amaaed azgnuansag TRI reagent ANNATNRUETNIAEUTHNGNAR UTuntuuee RNA

Muenldazgnawmaziidiag UV-spectrophotometer 1 OD 260/280 a1ntiutin RNA a1uau 1 lulasniuannusiazngs
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NAA24 M UNITUIUNIT reverse transcriptase (RT) o8 ldaulad AMV (avian myeloblastosis virus, Promega)
A IAT LA A LU T3S e (complementary DNA) %78 cDNA ‘ﬁ@muqﬁ 42 aAEaLEed 1WAl 1.5
T

CDNA fidaiaziild azgniliaenedtygrusamailn PCR (polymerase chain reaction) Tagldiaulasd
Taq polymerase uald primer Faunnzaeallarufidainis@nm Taud OPN, RANKL, OPG, P2Y1, P2Y2, P2X1, WAy
P2x3 fluu Tne primers avupazeenuULTUAINARLTES MRNA 7ilETmauudaly database wazlunnnis
Neaag Az ld primer sia GAPDH (glyceraldehyde-3-phosphate dehydrogenase) %\uﬂu house keeping gene Tuns
wenedtynynuaaug i dae el internal control 183nnIMAARslUNIAIARELANBINMIES RNA Aedufiled
Fnainiulunngs

Lﬁaéu@mm:mumi PCR uén anefugnessildazgnimemeilnanisuandaanszualaifinly agarose gel i

= ¥ v v ¥ a c v . .
ANMULINTULRY agarose TREAE 1.5 LL'Z\]SZWJ’]NL°]J3J‘ﬂ@\'1LLOU@IO_IWQ_,I’]M"VJQH’JLﬁﬁ"]&‘iﬂmfmt‘ﬂﬂm?ll Scion image

analysis

n199mfFanas ATP #ael Luciferin-Luciferase bioluminescence assay

1 '
= o

N3FALENIns ATP gNUaIaIniEaseant1 e Maaedas  NIuAIaINNIINIssuaadfwsnaLIang

waan 2 dalus IneniauBeudauszudnanguinazsudaausna 1, 1.5 uaz 2 nFu/msauimmg funguilign
Y aa o o % P = p o . X . .
nIzmu 'JﬁmmmwﬂmmﬂhmimmﬁmwaﬂﬂLL‘LI‘LImL‘W’ﬂmmm ATP Tngilanny (Bioluminescence Detection kit for ATP
measurement, Promega) Tnainsuanansazane Luciferase/lluciferin (L/L solution) anngadiléiuniuamsneisas
wAINMINITFUSaLsInAEanaluBuins 168 1 (- LL solution 100 lulasdns / anwnsiaesitad 100 tulnsang)
X - Ao =< =~ 5 . . Ay X o
AU UALTARUUNA 96 NN (2119 Packard) €9azdnIgLIagad Bioluminescence 28NNININUTALUBLIALNL

Usuw ATP dlegluenmnadeasad  111N19R99adnlTunuLaIsIaLRATassaedAuAY Luminometer (Victor Light

Luminescence Counter, Perkin Elmer Ltd.) VloﬁﬁﬁmﬁmﬁﬂuﬂmwLL@tLﬁ@LﬁﬂUﬁUﬂmemﬁﬁu (standard curve)
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Part | Mechanical stress induces osteopontin via ATP/P2Y1 in periodontal cells

sadaludaunsn WunsAneniemeazidenaeadnszLaunNN kNN AENAMTEA NN TLAAIA AN TR D AR

Tanauiy lumas a1t n3ve

Figure 1. Stress-induced OPN expression was inhibited by suramin and NF449. HPDL cells were stimulated with 1.5
g/cm2 of force for 24 hrs. Increased OPN mRNA (a) and protein (b) expression was observed. The stress-induced
OPN expression was significantly abolished by both suramin (A) and NF449 (B). The graph represents the band
density from Western blot analysis. The results are expressed as mean + SD from 3 different experiments. *p <
0.05.
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Figure 2. The conditioned medium (CM-S) induced the expression of OPN. (A) Cells were incubated for 24 hrs with
the medium transferred from the stress-stimulated (CM-S) and non-stimulated (CM-C) cultures. CM-S induced
OPN expression when compared with control (CM-C). The inductive effect exerted by CM-S was similar to that
resulting from stress (S) and could be inhibited by NF449. (B) The Luciferin-Luciferase bioluminescence assay
revealed that the amount of ATP in the medium collected from stress-stimulated cultures (1, 1.5, 2 g/cm2) was
increased. (C) Apyrase partially inhibited the CM-S-induced OPN expression. The graph shows the band density
from Western blot analysis. The results are expressed as mean + SD from 3 separate experiments. *p < 0.05; a,
MRNA expression; b, protein expression.

nmeaasdiaudunsaagauLnLIaas ATP Wasann ATP 1l ligand AvinAtyaes P2 receptor KANNT
naaeslugl 2A 1unimaaenszBuassag condion  medium  MLALAINANNEAS LWNGNAILAN (CM-C)
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1950 CM-S azilszatnisuaniaanaad OPN WNNINTW Vialuszatl RNA (a) uazsyaulishiu (b) Teaiuayuin nazes
wranadena W lARnTnensausiincuansnmaduaseanuile liiuusanseiu uazazaneg luansdeiaas

\Wa1in condition medium lURsagdeuszauaas ATP AWLIN 72AL189 ATP INTRINEN N TIRLNITAR LaYN1T
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Figure 3. HPDL cells expressed P2Y1 and P2Y2 ATP receptors. (A) HPDL cells expressed P2Y1 and P2Y2 receptors
detectable at both mRNA and protein levels. (B) MRS2179, a specific P2Y1 antagonist, exerted an inhibitory effect
on the stress-induced OPN expression in a dosedependent manner. The graph represents the mean £ SD of the
band density from Western blot analysis. The data are from 3 separate experiments. *p < 0.05; a, mRNA
expression; b, protein expression.

anuan1IMAaestngsiu WaNlszaadn daraglfan ussnadanansefuniamas ATP aantiu ATPay
wizninnudnseanead OPN §1un1d P2 receptor Taunazil receptor Mneadag 4 fa Aa P2X1, P2X3, P2Y1, LAz

P2Y2 NANTIATIRADLLL DAY WUFN LTARLBWE AL THHNNTLEAID8NTD9 P2X1 WATNsLALYed P2X3 Ta8Nn

a

TnemiszAunsuansaanaas P2Y1 uaz P2Y2 Aaudnags Asuansuaunedaulingt 3A (uazwansualdluumrindnag)

v
v o o

fati lunmaaessant auaand fadusaanizse P2Y1 (MRS2179)  iamsaagauAdNdingadadues  P2Y1
receptor lunswilentinnisugnd aanaed OPN
HAN1INAASIUILN 3B UARIIN MRS2179 @MN1INAANATRILINATINATUN1INIZEAW OPN WUl dose

dependent daaiuaywin Anyeyrnsnes P2Y1 iendasiunalnniswiianiiii
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Figure 4. ATP induced the up-regulation of OPN via Rho kinase. (A) HPDL cells were incubated with exogenous ATP
(0.1, 1, and 10 _M) for 24 hrs. The results showed that ATP stimulated the expression of OPN in a dose-dependent
manner. Cells were incubated with Rho kinase inhibitor (Rhoi) for 30 min before the application of ATP (1 _M) or
stress (1.5 g/cm2) for 24 hrs. The results demonstrated that the increase in OPN expression (B), but not that of ATP
(C), induced by stress was abolished by Rhoi. The graph in (B) represents the band density from Western blot
analysis. The results are expressed as mean * SD from 3 separate experiments. *p < 0.05; a, mRNA expression; b,
protein expression.
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Part I ATP stimulates RANKL expression through P2Y1/COX-dependent pathway in human periodontal ligament

cells
TunsAnenaunind wudi LRNALTING WONAINATNIZAUNITUAAIEANTEY OPN WD feanunsnmianii
n1suanseanaed RANKL 1i#&ae (Wongkhantee et al., 2007) wan1sansnlu part | wud1 nsiuilaniinisiansesn

284 OPN 1inannisiusanaidana lunszsun1suds ATP anadisutinl§iug lunnsdnmnil Aeseanisnmasey

471 ATP MREn1NN1suan9aanaad RANKL vizald atngls
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Fig. 1. Adenosine triphosphate induced RANKL mRNA and protein expression. Human periodontal ligament cells
were treated with various concentrations of ATP ranging from 0 to 40 IM for 16 h for RT-PCR and 48 h for western
blot analysis in serum-free conditions. The results from both RT-PCR (A) and western blotting (C) showed that ATP
increased the expression of RANKL, but not that of osteoprotegerin (OPG), in a dose-dependent manner. The
graphs represent the ratio of RANKL to osteoprotegerin from RT-PCR (B) and western blot analysis (D). The results
are expressed as means + SD from three different experiments. *Significant difference, p < 0.05.

uansAnE lugiln 1 wuda ATP ansnsawiianiiinisuanseanaes RANKL Tialusesu RNA (A) uazlilshiu
(C) wigEmNANIENTWIed ATP NE Wil liHeafan17uan9eana89 OPG NNFANNNTHEARaNT8d RANKL %1119
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Fig. 2. Adenosine triphosphate-induced RANKL expression was inhibited by indomethacin. (A) Human periodontal
ligament cells were treated with 40 BM ATP in the presence or absence of indomethacin, a non-specific COX
inhibitor, to determine the role of COX in the mechanism. The inhibitor was added 30 min before the treatment.
The RNA was extracted at 16 h, and the cell protein extract was collected at 48 h after the treatment. The results
showed that application of indomethacin could inhibit the up-regulation of RANKL expression induced by ATP at
both the mRNA (Aa) and the protein levels (Ab). The graph (B) represents the band density from western blot
analysis when control as marked as 1. The results are expressed as means + SD from three different experiments.
(C) Adenosine triphosphate induced COX-2 mRNA after treatment with various concentrations of ATP. The results
revealed that the expression of COX-2 increased in a concentration-dependent manner, but not COX-1. (D) The
amount of PGE2 in the culture medium was also measured by ELISA after 2 h of exposure to ATP. We found that
ATP increased PGE2 production significantly in a dose-dependent manner. The graph shows the mean + SD of band
density from three separate experiments. *Significant difference, p < 0.05.
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Fig. 3. The stimulatory effect of ATP was abolished by PDTC and H89. Cells were treated with PDTC, an NFkB
inhibitor, and H89, a cAMP-dependent protein kinase inhibitor, 30 min before the addition of ATP. The protein
extract was collected at 48 h for western blot analysis and the culture medium was collected at 2 h for ELISA after
the treatment. The results showed that ATP-induced RANKL (A) and PGE2 production (B) were inhibited by both
PDTC and H89. The effects of forskolin, an activator of adenylyl cyclase, on RANKL expression and PGE2 release are
shown in (C) and (D), respectively. The graph (C) represents the band density from the ratio of RANKL to actin
when control as marked as 1. *Significant difference, p < 0.05.
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Fig. 4. Nuclear localization of NFkB enhanced by ATP was abolished by PDTC and H89. Human periodontal ligament
cells were incubated with or without inhibitor, PDTC or H89, for 30 min before being treated with ATP for 2 h.
Immunofluorescent staining showed that ATP enhanced nuclear localization of NFkB (B) when compared with the
control treatment (A). The effect of ATP was abolished by PDTC (D) and H89 (F) when compared with their
corresponding control cultures (C,E). Scale bar represents 10 Em.
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Fig. 5. The effect of MRS2179 on ATP-induced RANKL expression. Cells were pre-incubated with MRS2179, a
specific P2Y1 receptor antagonist, for 30 min prior to addition of ATP. After 16 and 48 h of exposure to ATP, the
RNA and protein extract were collected for RT-PCR and western blot analysis, respectively. The culture medium
from a parallel set of experiments was collected after 2 h of treatment for ELISA. The results showed that MRS2179
exerted an inhibitory effect on the ATP-induced COX-2 expression (A) and PGE2 production (B). MRS2179
attenuated the ATP-induced RANKL expression at both the mRNA (Ca) and the protein level (Cb). The graph (D)
represents the band density from western blot analysis when control as marked as 1. The results are expressed as
means + SD from three different experiments. *Significant difference, p < 0.05.
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Fig. 6. Adenosine triphosphate-induced up-regulation of RANKL may involve the P2Y1 receptor. Human periodontal
ligament cells were transfected with P2Y1 small interfering (Si) RNA. (A) The P2Y1 small interfering RNA could
interfere with the expression of the P2Y1 receptor at both the mRNA (Aa) and the protein level (Ab). The P2Y1
small interfering RNA inhibited the release ofPGE2 (B) as well as the expression ofRANKL(C). The graph represents
the band density from western blot analysis when control as marked as 1 (D). The results are expressed as means +
SD from three different experiments. *Significant difference, p < 0.05.
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Part 1ll The role of Connexin43-hemichannels in mechanical stress-induced ATP release from human periodontal

ligament cells
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Fig.1  Mechanical stress-induced ATP release from HPDL cells

Luciferin-luciferase assay was used to determine the amount of ATP release. HPDL cells were treated with
different levels of mechanical stress ranging from 0 to 2.5 g/cm2 and the amount of ATP released was measured
(A). Maximum extracellular ATP level was observed when a 2.5 g/cm2 stress was applied, therefore, this loading
force was used in all later experiments. (B) The amount of ATP released from HPDL cells was measured from 1 min
to 2 hrs after a 2.5 g/cm” stress treatment. The results show mechanical stress could induce ATP release in a dose
and time dependent manner. The maximum extracellular ATP level was observed when a 2.5 g/cm” stress was
applied for 5 mins. The results are expressed as mean * SD from three separate experiments. *Significant
difference, p < 0.05.
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Fig.2  The release of ATP was attenuated by a gap junction inhibitor.

Mechanical stress (2.5 g/cmz) was applied on cultured HPDL cells for 5 min and 2 hrs to induce ATP
release (A) and RANKL upregulation (B) respectively, in the presence or absence of a gap junction inhibitor
carbenoxolone. The inhibitor was added 30 min prior to stress application. Carbenoxolone could attenuate the
effect of mechanical stress on ATP release (A) and RANKL upregulation as judged by reverse transcription
polymerase chain reaction (RT-PCR) (B). (C) reveals the expression of gap junction proteins including connexin 26,
32, 37, 40, 43, 45, and pannexin-1 in HPDL cells by RT-PCR. RANKL; receptor activator of nuclear factor kB ligand,
OPG; osteoprotegerin, GAPDH; glyceraldehydes-3-phosphate dehydrogenase, Cx; connexin, Px; pannexin. Results
are expressed as mean + SD from three individual experiments. *Significant difference, p < 0.05.
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Fig. 3 Mechanical stress-induced ATP release and RANKL upregulation was strongly inhibited by a Cx43 inhibitor

Mechanical stress (2.5 g/cmz) was applied on cultured HPDL cells in the presence or absence of 20 uM
meclofenamic acid sodium salt (Cx43 inhibitor) or 100 uM spermine (Cx40 inhibitor). Inhibitors were added 30 min
prior to stress application. Culture medium was collected after 5 min and ATP was measured using a Luciferin-
luciferase assay. RNA and protein were extracted after 2 hrs and 4 hrs stress application, respectively. Results
showed the Cx43 inhibitor, but not the inhibitor, could inhibit mechanical stress-induced ATP release (A) and
upregulation of RANKL, but not OPG, at both mRNA (B) and protein level (C). RANKL; receptor activator of nuclear
factor kB ligand, OPG; osteoprotegerin, GAPDH; glyceraldehydes-3-phosphate dehydrogenase. Results are
expressed as mean + SD from three individual experiments. *Significant difference, p < 0.05.
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Fig. 4 Knockdown of Cx43 suppressed the inductive effect of mechanical stress on ATP release.

A and B show the mRNA and protein levels of Cx43 in HPDL cells respectively, after transfection with Cx43
small interfering (si) RNA. Graph in C indicates Cx43 siRNA transfection inhibited the inductive effect of mechanical
stress-induced ATP release while the control siRNA (siCtrl) and the addition of transfection reagent alone (MOCK)
had no effect. The results support a role for Cx43 in ATP release. Results are expressed as mean + SD from three
individual experiments. *Significant difference, p < 0.05.
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Fig. 5 Mechanical stress induced opening of Cx43-hemichannels in HPDL cells.

HPDL cells were incubated with 5 mM 5(6)-carboxyfluorescein prior to treatment with 2.5 g/cm2 of
mechanical stress for 5 min. Meclofenamic acid sodium salt (Cx43 inhibitor) or spermine (Cx40 inhibitor) was
added 30 min prior to stress application. Cultures were washed with PBS and Tyrode’s solution, and observed
under a fluorescent microscope. The presence of fluorescence signal indicated the influx of carboxyfluorescein
into the cells after stress application (A-B). Addition of Cx43 (C-D) and Cx40 (E-F) inhibitors reduced the
fluorescence signal in HPDL cells receiving mechanical stress. By fluorescent analysis, the Cx43 inhibitor appears to
be more effective than the Cx40 inhibitor. Scale bar =50 um.
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Fig. 6 The mechanism of ATP release depend on intracellular calcium signaling.

HPDL cells were pre-treated with the intracellular calcium inhibitor TMB-8 (A), thapsigargin (B), IP3
inhibitors heparin (C) and 2-APB (D) for 30 min prior to mechanical stress application. All inhibitors could
significantly inhibit ATP release induced by mechanical stress. Results are expressed as mean t SD from three
individual experiments. *Significant difference, p < 0.05.
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Fig. 7 Blockage of carboxyfluorescein influx by thapsigargin and 2APB.

HPDL cells were incubated with thapsigargin or 2APB for 30 min prior to 5 min mechanical stress
application. The addition of carboxyfluorescein resulted in the influx of fluorescence into the cells after stress
application (A-B). The presence of thapsigargin and 2APB inhibited the uptake of carboxyfluorescein (C-F),
indicating the role of an ca” signaling pathway and IP3 receptor in stress-induced hemichannel opening. Scale bar
=50 pum.

\WengaaaaUNalugLn 6 wadidutinBiudazgnnzfusausanadang lun1agiAin  carboxyfluorescein
uardN9eiusi thapsigargin (C,D) uay 2APB (E,F) m@maﬁﬂmlugﬂﬁ 7 WA AN9EUENINAR9THA AN1TngUEN N9

\a hemichannel Tagusanadiena (WFeaiiausil B, D uay F) I atduayuinnszuaunisiila hemichannel fiaenisnng

WNszsuwAaEaNAelaas

asaziansnlna

=2 Z’/ aal, o ! & =R v o Yo d‘ a 4%,
NANNTANIATIU @uumuumm@m@umﬂ?wum Zﬁ’]Nqﬁ‘ﬂﬁ‘Ugﬁ]@LLﬁ\?ﬂﬁ‘ﬂmﬂﬁluvl,mﬂilﬁlﬁ\‘i IALNATAIUNNAAY

v [
o ¥ o

navfunaiila hemichannel iands ATP anntiudtyanain ATP azwizatnisuaaseantesduiifaadasiuns
AzANYAITBINTTANINY

lunszgn \uflessuiudn iwadnszan vde osteocytes aziuisenisluaiduuses tissue fluid ey
canalliculi TaewuinanuussreansivaBuaziinasalasaiemeadulonely  canalicui Mdnlasetiu  cell

membrane 184 process 184 osteocytes M IAAALIAEUUIAII8Y membrane uazdnananusudngad (Wang et



33

al., 2007) TelagannfgIuil Nsnevsuesresmagnszgniiasiinann9iLaeunLases actin cytoskeleton el

'
o '

wad  ad9lafn n1sFuisausy a1aaziinain cell surface receptor AMWENLSAaUIIREULLRIEAS NFUNGN

U

v
o

mechanoreceptor Afivlaifiavudaiau saurianalnnissevauesieusslusadaumuiasadisutnLiusmiu dals

FAudmLan

dszipunilsniraulamadidutiaiusiiu Jgddedneusilugadlungy fioroblast Samasiunguil azlals

a

1
v o o A

wlafumasd1aAes ANALEAS epithelium vi3a [asNIzAN (MTBNTENITUINNTAREIUN cytoplasmic process)
= a a \ o . . ) ) X Y A |
TRz NN1TAARBTTNINUTARNIUNTG gap junction 1ae gap junction azdsznevduainiaseadneafizandn connexon

v
o

- £ oA o a sy o , = - v o o \ - & =
PAUTARUI ARTANAL connexon UUHIEARTINGLALN NANETUTAIN TN TARTNARUL1A28NY WATARLAUEALT
o & @al a L= a X ~ a P |
wil Allnsuanseanaesisiu connexin defluldsAuiugunundsenauiilu connexon nanatiln Tnafisneaudn
connexon  LWTARUNTUAZNNIIONNUIALUL  hemichannel  wazynvtnimanleNAARasenInamas  waz

-ﬁl aall £ o = o A & @ =K o 3 1 = v
extracellular space N1IMAARdH  linaaglludnwuipeaiuy Ae  adlauEnEIW iesdl Taseaiieres
hemichannel N&18130N 9 BTN T892 UINITARTU extracellular environment 16

x4 - 5 . 9 - . . .
uananil Nsh usanadana a1M1snsEEunIsuas ATP leneluwniiuen daziilunisudsannunaazas
MeluEad Han1ImARaIfananddn 1adanniiull 30 WINTLALUBINITUAY ATP AZENAAAY LATALINNTLANATIN

a1 2 Fqlue Barnazidlu ATP RaF193ulud eavipanludiuil asfiesdnuiuminsell

HATEY ATP AZNITFuN1aMN9uIes cell surface receptor Wngu P2 receptor TANNINAIAEYEYIUAINTY

o
& v ¥ o

wadidngiiundza TnansAneaiall wudn ATP ansnsonsvsunisuanseantasduiineandasiunsazaissinues
I oA v v o = =
nszgnetnatas 2 81 A OPN waz RANKL tnanazesusanalunisnszsu OPN 4anAdedriun1s?i OPN promoter §

-

asureaionaleng Nneuauedsa stress (SRE; stress responsive element) (Fujihara et al., 2006) atinalanm nns
ATP @11190N3zFUNsuand0anaes OPN tnemsy felddniauinduiusiunisiieuaessre atnsls luansinasie

RANKL aziflis secondary effect Aaiinannni1sf ATP nszsunisuansaanaaseuldsd cyclooxygenase Il (COX 1)

LAZLNNNNIUAY prostaglandin E2 (PGE2) anntiu PGE2 3@@:m:ﬁumm@m@@nmm RANKL #1199 EP2 receptor



34

fall Aeaziiuldannnisi LaTedlseanAEaNaniAen1suaneeanaad RANKL dunsndiueslsfiag indomethacin

v
o o

WusnAduganisvinaruaes COX I lunsdawnsnzyl PGE

£ 1
a o v A g a s °

OPN flus phosphoprotein fnuldunlunszan Tlshiugoll mdidaasunianizaasaasinaansegn
- o a ~ ! PRI = o
130 osteoclast MuAanszgn Tnadseudn lunyilidinisuansasnaas OPN azlifinnsazanssaasnszgn u
I . - . Dy m e 4
anaei lfusanssinsiansegn Aelinunisazanesinaainszgniliiinnsldeu (Ishijima et al.,, 2001; 2002) Teuans
fAuANATYI99 OPN lunszuaunis mechanical stress induced bone remodeling danAdasriLn1INLINATEING
annsniianIsuaneantes OPN et dadunmanisensvilehe seaties ATP NINsyfunisudninanaas

OPN 1 agfluszriunandnldnszsu RANKL nd1 10 i1 @9uansdn OPN unaziflu primary target 199us9nAEINa

'
a

lugauzes RANKL 1 aiflulisiufiansnsnduiy RANK uufiaumad osteoclast UAEIMENNANATY U
m‘zr?’ju differentiation, activation wag survival U84 osteoclast (reviewed in Takahashi et al., 1999; Boyle et al., 2003)
st azsinaugiu osteoprotegerin 13e OPG Gazugeduiu RANKL vinliflaiansnsnduiy RANK 14 dy
MsLitTLT89 RANKL/OPG ratio Adi@asiansiiiaamnae s Funns uas activity 104 IARNNANENTZAN

nalnn1smevduesreamasidutntBiudreusanadanadeadlidnian  Han1mAfedLanIdn  NIIMALAURS
POUTARFDLNNAEING UnasAefUN s iNIsiuTeILAaiTaRaaunelugad Taanudndadudanisinuaes 1P3
receptor uavdasuanafinssAunaaBen luaad mmamﬁué’é\mmmLmﬂm%\‘m@‘l,umimzﬁu OPN uaz RANKL
1% aehelsfid nalnnisnszfunsiiusziuuaaifandeaunelusadlnaussnadanaddlifinnudaay

MsiussAUTesuAa BaaEeeunng lumaddaiaidasiuniadla hemichannel da el Wudn usanAEINA
AzaMNIaNIzu AN gen ATy chuﬁﬁ@mﬁumﬁuéﬂﬁﬁw fadudisie Cxd3 uazddudunaifandeey i
hdanpdn fdfudasia connexin UNeTHin 1y Cx40 lanunsodudanarausanaidanald aeinandulil@dn ox w

a N 9 A L a v A o a A s @ = o & oy =
ATTUALUNRZHUUINLALNTAALAUBAIADAILTINLANFNNNL UNUINUBY Cx ﬁuﬁ’au‘”l GLuLeﬂ@@LﬂuﬂﬂlGV]um HQVLNNFIQ’]N

o ¥y = A a
DALAU LLﬂgm’ﬂ\iNﬂWiﬂﬂEWL‘WNLMN@@VL‘U



35

'
o

Touagl wansfnmedsll aduaywdn  waddutafiiud Wugsdniuireuwssnadanaldlaens  nng
FOLALRIABLINATINAAIUUIR Aan1saes ATP AMNmag ANt ATP AzA1N190NIEAUNIAELAUBNTBLTARHIY
74 P2 receptor N1IARLANAITIIATY ATANIIOMHEINNIIWAAIEENTEY OPN waz COX Il NATBINTAN OPN
o Yy oy co N A 4 K y
Wazdaanseulisadinananszgniadeuidunnusonniu uau Twanieh naiiaes COX Il avliianisainauas
WAY PGE2 TIHNANITAUNNIRBLALBIANIEAR I lunangfinuinaiu Inganiznsnsefunisuaniaantas RANKL
wazthllgmainiBunns  uasiiiNIaMeuIey  [ERAVNANENITAN  NANIMAAENH  azdeaiiinaadnlanig

AoUAUBNIBS ARSI LR fousanaidieng uaziadqainaudnlalunszuaunsianansegniiniu

LBNANTENBY

Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation and activation. Nature. 2003 May 15;423(6937):337-
42.

Buckley KA, Hipskind RA, Gartland A, Bowler WB, Gallagher JA. Adenosine triphosphate stimulates human
osteoclast activity via upregulation of osteoblast-expressed receptor activator of nuclear factor-kappa B
ligand. Bone. 2002;31:582-90.

Burnstock G, Knight GE. Cellular distribution and functions of P2 receptor subtypes in different systems. Int Rev
Cytol. 2004;240:31-304.

Chaulet H, Desgranges C, Renault MA, Dupuch F, Ezan G, Peiretti F, Loirand G, Pacaud P, Gadeau AP.
Extracellular nucleotides induce arterial smooth muscle cell migration via osteopontin. Circ Res. 2001
;89:772-8.

Chellaiah MA, Kizer N, Biswas R, Alvarez U, Strauss-Schoenberger J, Rifas L, Rittling SR, Denhardt DT, Hruska
KA. Osteopontin deficiency produces osteoclast dysfunction due to reduced CD44 surface expression. Mol
Biol Cell 2003;14:173-89.

Evans CE, Mylchreest S, Andrew JG. Age of donor alters the effect of cyclic hydrostatic pressure on production
by macrophages and osteoblasts of SRANKL, OPG and RANK. BMC Musculo Dis 2006;7:21-31.

Fujihara S, Yokozeki M, Oba Y, Higashibata Y, Nomura S, Moriyama K. Function and regulation of osteopontin in
response to mechanical stress. J Bone Miner Res. 2006 Jun;21(6):956-64.

Furuya K, Sokabe M, Furuya S. Characteristics of subepithelial fibroblasts as a mechano-sensor in the intestine:

cell-shape-dependent ATP release and P2Y1 signaling. J Cell Sci. 2005;118:3289-304.



36

Hoebertz A, Arnett TR, Burnstock G. Regulation of bone resorption and formation by purines and pyrimidines.
Trends Pharmacol Sci. 2003;24:290-7.

Ihara H, Denhardt DT, Furuya K, Yamashita T, Muguruma VY, Tsuji K, Hruska KA, Higashio K, Enomoto S, Nifuji A,
Ritting SR, Noda M. Parathysoid hormone-induced bone resoprtion does not occur in the absence of
osteopontin. J Biol Chem. 2001;276:13065-71.

Ishijima M, Rittling SR, Yamashita T, Tsuji K, Kurosawa H, Nifuji A, Denhardt DT, Noda M. Enhancement of
osteoclastic bone resorption and suppression of osteoblastic bone formation in response to reduced
mechanical stress do not occur in the absence of osteopontin. J Exp Med. 2001 Feb 5;193(3):399-404.

Ishijima M, Tsuji K, Rittling SR, Yamashita T, Kurosawa H, Denhardt DT, Nifuji A, Noda M. Resistance to
unloading-induced three-dimensional bone loss in osteopontin-deficient mice. J Bone Miner Res. 2002
Apr;17(4):661-7.

Kanzaki H, Chiba M, Shimizu Y, Mitani H. Periodontal ligament cells under mechanical stress induce
osteoclastogenesis by receptor activator of nuclear factor kappaB ligand up-regulation via prostaglandin E2
synthesis. J Bone Miner Res. 2002;17:210-20.

Kawamura H, Yokote K, Asaumi S, Kobayashi K, Fujimoto M, Maezawa Y, Saito Y, Mori S. High glucose-induced
upregulation of osteopontin is mediated via Rho/Rho kinase pathway in cultured rat aortic smooth muscle
cells. Arterioscler Thromb Vasc Biol. 2004 Feb;24(2):276-81.

Kawase T, Okuda K, Yoshie H. Extracellular ATP and ATPgammaS suppress the proliferation of human
periodontal ligament cells by different mechanisms. J Periodontol. 2007;78:748-56.

Nakano H, Furuya K, Furuya S, Yamagishi S. Involvement of P2-purinergic receptors in intracellular Ca2+
responses and the contraction of mammary myoepithelial cells. Pflugers Arch. 1997;435:1-8.

Schwiebert EM. Extracellular ATP-mediated propagation of Ca(2+) waves. Focus on "mechanical strain-induced
Ca(2+) waves are propagated via ATP release and purinergic receptor activation". Am J Physiol Cell Physiol.
2000;279:C281-3.

Simonet WS, Lacey DL, Dunstan CR, Kelley M, Chang MS, Luthy R, Nguyen HQ,Wooden S, Bennett L, Boone T,
Shimamoto G, DeRose M, Elliott R, Colombero A, Tan HL, Trail G, Sullivan J, Davy E, Bucay N, Renshaw-
Gegg L, Hughes TM, Hill D, Pattison W, Campbell P, Sander S, Van G, Tarpley J, Derby P, Lee R, Boyle WJ
Osteoprotegerin: a novel secreted protein involved in the regulation of bone density. Cell 1997;89:309-19.

Takahashi N, Udagawa N, Suda T. A new member of tumor necrosis factor ligand family,
ODF/OPGL/TRANCE/RANKL, regulates osteoclast differentiation and function. Biochem Biophys Res
Commun. 1999 Mar 24:;256(3):449-55.



37

Terai K, Takano-Yamamoto T, Ohba Y, Hiura K, Sugimoto M, Sato M, Kawahata H, Inaguma N, Kitamura Y,
Nomura S. Role of osteopontin in bone remodeling caused by mechanical stress. J Bone Miner Res.
1999;14:839-49.

Tsuda E, Goto M, Mochizuki S, Yano K, Kobayashi F, Morinaga T, Higashio K. Isolation of novel cytokine from
human fibroblasts that specifically inhibits osteoclastogenesis. Biochem Biophys Res Commun
1997;234:137-42.

Turner CH, Pavalko FM. Mechanotransduction and functional response of the skeleton to physical stress:the
mechanisms and mechanics of bone adaptation. J Orthop Sci. 1998;3:346-55.

Wang L, Jacobsen SE, Bengtsson A, Erlinge D. P2 receptor mRNA expression profiles in human lymphocytes,
monocytes and CD34+ stem and progenitor cells. BMC Immunol. 2004;5:16.

Wang Y, McNamara LM, Schaffler MB, Weinbaum S. A model for the role of integrins in flow induced
mechanotransduction in osteocytes. Proc Natl Acad Sci U S A. 2007 Oct 2;104(40):15941-6.

Wongkhantee S, Yongchaitrakul T, Pavasant P. Mechanical stress induces osteopontin expression in human
periodontal ligament cells through rho kinase. J Periodontol. 2007 ;78:1113-9.

Yamaguchi M, Aihara N, Kojima T, Kasai K. RANKL increase in compressed periodontal ligament cells from root
resorption. J Dent Res 2006;85:751-6.

Yamamoto K, Korenaga R, Kamiya A, Ando J. Fluid shear stress activates Ca(2+) influx into human endothelial

cells via P2X4 purinoceptors. Circ Res. 2000;87:385-91.



38

Output NlAa1ntAsanis

Publication

1. Wongkhantee S, Yongchaitrakul T, Pavasant P. Mechanical Stress Induces Osteopontin via ATP/P2Y1 in

Periodontal Cells, Journal of Dental Research, 2008;87:564-568.

2. Luckprom P, Wongkhantee S, Yongchaitrakul T, Pavasant P. Adenosine triphosphate stimulates RANKL expression

through P2Y1 receptor—cyclo-oxygenasedependent pathway in human periodontal ligament cells. Journal of
Periodontal Research 2010;45:404-411.
3. Luckprom P, Kanjanamekanant K, Pavasant P. Role of Connexin43-hemichannel in stress-induced ATP release in

HPDLcells. Journal of Periodontal Research Accepted

Conferences
4. Sakornwimon N, Rujirachotiwat A, Pavasant P. Prostaglandin E2 induces receptor activator of nuclear factor
kappa B ligand expression in human periodontal ligament cells via EP2 receptor. Abstract presented at FDI Annual

World Dental Congress meeting (Salvador Da Bahia, 2-5 September 2010).

1»sus199a FDI best poster award

5. Luckprom P, Kanjanamekanant K, Yongchaitrakul T, Pavasant P. Role of Connexin43-hemichannel in stress-

induced ATP release in HPDLcells. Abstract presented at the 89" IADR General Session and Exhibition (San Diago,

California, 17-19 March 2011)
6. Kanjanamekanant K, Pavasant P. Mechanical stress-induced IL1/3 release in HPDL cells via Pannexin1/P2X7R.

Abstract presented at the 89" IADR General Session and Exhibition (San Diago, California, 17-19 March 2011)

(1flu abstract 7 1AFL51998 Hatton awards Tun19tlszaa IADR s26UffnIA SEA (South East Asia) wazlaiilu

Foununinia ednsznanlunisisygalugjoes IADR)



NMANUIN

Reprint 1 Journal of Dental Research 2008

Reprint 2 Journal of Periodontal Research 2010

Accepted manuscript Journal of Periodontal Research

39



40

UNANIIUTULEEULNG

X oA o« ox ma o a X 4 dd : Y Y da
Wadadudaiiud uunedulaitiedeunimenszuinesniiuuwaznszgnitiiiy. Insuanainuirnluniste
#Wuldtiunszgnidniuuds WetiadutniBvug deinnnndeunnensesuussifiauiuiu Haussannisumaen

i’/ o da‘ d‘ @ R o 4 d? & K o rdl o 1 d’l’ dll
[ERAT FINTUIRAINNNIAANY LU LEBLEUE ATV ’szﬁ‘qdﬂluiﬁﬂLGH'Z\]Z‘]L’ﬂuEJﬁﬂ?‘ﬂuﬁm’ﬂ’]ﬂﬂ@gﬂ’]ﬂluLuﬂLﬂﬂ nel

[
a o

e 2 Ay = ! > o X 4 o & X
wadanil e adulengaleaszudneniuuaznszgnidiiy uazinmannazeuileetsviug wenanil
o o v LAy =< , o | X A g o= v ey
faiufuazmavanassiadaiisine IinasensinansuardenusNaitio B utint 3o

TnaiilafiaduiaBiumiuide flandessesiuusegnasanal Auiuuss ashaziluiladandniiuase

o £ d‘ & 1 d” = ZJ/ a’l’ di =2 1 & aill d’l d‘ [ o &
nasiiesaasaIl  NMIANEIAST NeANHINATELINARB AR N TIARNAINIaIEaEuEALETUE Taeus

=2 1 & & K| o & o Y 1 4 o ‘QI %
nsAnswLdTaduEniiu  Sufuarpevauessieusanald  TnsusanaluszAuge  ainnsoianisa¥auaznig

= 1 9 o A a a < '8 a '8 a a g
wanseantesiuatinties 2 fa Ao esailenauiu waz wAlauny Gdunes uwerimed sevl Hardusunanes

P = A Ao o co ° a a , = P ~ =

wanthil Tawnw) Feduldsiunduiusiunisinananszgn Tng eaanlanauiin avdudiunisaaeuiuazn1stanIz
1R TadNA1EnTzgn TUIUETIUIA laUNY AavdudTunaiauaznszunIsuIetTadinaIenszgn At n1ev
Wagaldfuusaininiiull aznseulitinaintuaesllsiuwisaes ol uaziduna e fesvug Tuismiu i
° e o Ay ° X ° ' ° B3
AMUIUTBLEARNAENTEANAINFRNATTINUNNTY waztin lgniainananszgniindi

UL S o 2 y a o - o

neAnEAE  danudinalniiusanaiinnisaine  eeanlenafinuazusdlauny  azfinainnisfiusenaly

) N = - = = v § v, aa ol = . a = =
nszgunaHLEN A EaNn e lugad Teavinalunisnszsiulidesitiamadnizend wlusuwua Weean uasd

! PR | A A ¥ o ¥ o & 3 =2 %’/ da’ !
natlaes ans @i Fadusnsminaadesiunisairandsunialugad eananaas uan19ANEIAE waAIN 619

= A a!f = ¥ o 14 o T v o o o o ¥ 2 L=~ A ¥
NN 1 u@ﬂ“ﬁﬂ@zLﬂﬂ')m‘ﬂﬁﬂ‘uﬂ’]ﬁ‘@i"NW@\NTL&ﬂ’]F;IsLuL"H@@LL@Q mmmmmuu’mmmﬂ‘wLsﬁ@mLaumﬂ?wum A7

AOARIONAUTIU UAT WINALAWNUE KNUNNEIFY T891 W29 UUANEARRNY  NATBINIINITAWAnTL W20na1 Az

[} ' '
A ' =

WHENINNNILAAIDENTD0RARTaNA UL UATNITAUNITATN A9¥iTed) WIadmuNauAl @82 avdnAaziiuiiny



41

Neaeiun1sdniay ANt NIeARIUNAUAY B2 A9RINTLAUNITATIN LA lAUNUBNNAANTEN HATEILIINA WAL 18
aa QI % a o o Y a o z ‘dl % ldj % = QI a '
P TunisianisaFanseanunauiu feetain iiansdniauseiiaitiedon Iazsesinisfnmwiasnsely
Tnaagl wadfiSutinafsiug awnsniuiuazaeuauassionsanaldlaunsg uazilasanadinail feduia
o 1 =< ' | o o o ¢ & R o ' o &
fuusegpaannan wvashaziuiladaiasuauniinauressasidutinBius atnslsfa nismauauesteTas
@ =R o o 1 o 0' % g i =2 :j/ dy | o dl v % a a
dutimfaviusseuslussAumazdalaidaan winefneeaieil wodiusdluszAuige aznseiunisainellsiiv aess
Tanauiiu uay useAlauny umenIanas il nsinausasilsfuisansil ez ligniadiniunn wad

VAIENIEn  wasmaiNNeNaensEgniiniy nantmeaesl  uassliiiuieannudrAtyresansanslunig

Y A4 g o= o &
ﬂQUﬂN@N@@"ﬂ’I’]QLu’ﬂLﬂ’ﬂL@uﬂmﬂ?‘ﬂum



RESEARCH REPORTS

Biological

S. Wongkhantee, T. Yongchaitrakul,
and P. Pavasant*

Department of Anatomy and Graduate School of Oral
Biology, Faculty of Dentistry, Chulalongkorn University,
Henri Dunant Road, Pathumwan, Bangkok 10330,
Thailand; *corresponding author, prasit215@gmail.com

J Dent Res 87(6):564-568, 2008

ABSTRACT

Our previous study showed that mechanical stress
induced the expression of osteopontin (OPN) in
human periodontal ligament (HPDL) cells through
the Rho kinase pathway. The increase of OPN
expression via Rho kinase has been demonstrated
to be triggered by nucleotide. Therefore, we
hypothesized that nucleotides, particularly
adenosine triphosphate (ATP), participated in the
stress-induced OPN expression in HPDL cells. In
the present study, the roles of ATP and P2Y1
purinoceptor were examined. Reverse-
transcription polymerase chain-reaction and
Western blot analysis revealed that the stress-
induced ATP exerted its stimulatory effect on
OPN expression. The inductive effect was
attenuated by apyrase and completely inhibited by
the Rho kinase inhibitor, as well as by the P2Y1
antagonist. We here propose that stress induces
release of ATP, which in turn mediates Rho kinase
activation through the P2Y1 receptor, resulting in
the up-regulation of OPN. Stress-induced ATP
could play a significant role in alveolar bone
resorption.
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Mechanical Stress Induces
Osteopontin via ATP/P2Y1
in Periodontal Cells

INTRODUCTION

uman periodontal ligament (HPDL) cells are responsible for the

mechanical stress transduced from the tooth, which is significant during
periodontal tissue remodeling and repair (Lekic and McCulloch, 1996).
Excessive mechanical stress can induce bone loss through the elevation of
inflammatory cytokines (Ren et al., 2002; Yamaguchi and Kasai, 2005) and
imbalance of the receptor activator of nuclear kappa B ligand (RANKL) and
osteoprotegerin (OPG) (Kanzaki et al., 2002; Yamaguchi et al., 2006). It has
been demonstrated that mechanical stress also induces the expression of
osteopontin (OPN) (Wongkhantee et al., 2007).

The molecular mechanism of OPN induction by mechanical stress in
HPDL cells is still unclear. Several reports demonstrated an increase of
prostaglandin E, (PGE,) after stress application in both osteoblasts and
HPDL cells (Kanzaki et al., 2002; Rawlinson et al., 2000; Kapur et al.,
2003). In addition, activation of mitogen-activated protein kinase (MAPK)
by stress has been reported (You et al., 2001). However, using inhibitors,
we have indicated that Rho kinase, but neither PGE2 nor MAPK, was
involved in the stress-induced OPN in HPDL cells (Wongkhantee et al.,
2007).

In the present study, the molecules involved in the stimulation of OPN
expression were further investigated. The involvement of Rho kinase in the
regulation of OPN expression has been reported in smooth-muscle cells
(Chaulet et al., 2001; Kawamura et al., 2004). Induction of OPN was
observed when smooth-muscle cells were activated with nucleotides, or
when high glucose levels occurred via Rho kinase, suggesting the role of
nucleotides in OPN expression. Among the nucleotides, adenosine
triphosphate (ATP) has been recognized as an important and ubiquitous
intracellular and extracellular messenger in various kinds of tissues
(Brambilla and Abbracchio, 2001; Burnstock and Knight, 2004; Smith and
Scott, 2006). Intracellular ATP is converted into cAMP by adenylyl cyclase
and acts as a major signaling molecule responsible for several biological
responses, while extracellular ATP mediates its action through the family of
P2 purinoceptors. The P2 purinoceptor is classified into 2 main subfamilies:
P2Y, a G-protein coupled receptor; and P2X, an ion channel receptor. At
least 8 subtypes of P2Y and 7 subtypes of P2X have been identified
(Schwiebert, 2000).

It has been demonstrated that mechanical stress induced a rise in
intracellular cAMP and the release of ATP in several cell types, including
osteoblasts (Harell ef al., 1977; Nakano et al., 1997; Yamamoto et al., 2000;
Romanello et al., 2001; Furuya et al., 2005). The released ATP works as an
autocrine and paracrine mediator, and plays a role in mechano-transduction.
In addition, ATP has a potent stimulatory action on IL-6 secretion, but an
inhibitory action on OPG expression (Ihara et al., 2005). ATP also
stimulates human osteoclast activity via the up-regulation of RANKL
(Buckley et al., 2002). This evidence emphasizes the important role of ATP
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as one of the regulators of bone homeostasis.

A recent study reported that ATP caused growth arrest in
HPDL cells, suggesting the influence of ATP in periodontal
tissue regeneration (Kawase et al., 2007). In the present study,
we found that HPDL cells expressed P2Y receptors, leading to
the hypothesis that these receptors may be significant for the
responses of cells to mechanical stress. We thus hypothesized
that the up-regulation of OPN expression induced by
mechanical stress was caused by the release of ATP, which
acted through P2 receptors in HPDL cells.

MATERIALS & METHODS

Cell Culture

HPDL cells were obtained from healthy third molars extracted
for orthodontic reasons and prepared as previously described
(Pattamapun et al., 2003). The protocol was approved by The
Ethics Committee, Faculty of Dentistry, Chulalongkorn
University, and informed consent was obtained from each
person. Briefly, teeth were rinsed with sterile phosphate-
buffered saline, and the PDL was removed from the middle third
of the root. The explants were harvested on 60-mm culture
dishes and grown in Dulbecco's Modified Eagle's Medium
(DMEM) (Hyclone, Logan, UT, USA), supplemented with 10%
fetal calf serum (Hyclone), 2 mM L-glutamine (Gibco BRL,
Carlsbad, CA, USA), 100 units/mL penicillin, 100 pwg/mL
streptomycin (Gibco BRL), and 5 pg/mL amphotericin B (Gibco
BRL) in a humidified atmosphere of 95% air, 5% CO,, at 37°C.
Cells from the third to the fifth passages were used. All
experiments were performed in triplicate with cells prepared
from three different donors.

Application of Mechanical Stress

The method for mechanical stress application was modified from
Kanzaki et al. (2002). Briefly, cells were seeded in six-well plates
at a density of 200,000 cells/well for 16 hrs. A plastic cylinder
containing metal coins was placed over the culture to generate
compressive forces ranging from 0 to 2 g/cm?.

For inhibitory experiments, each inhibitor was added to the
medium 30 min prior to the experiment. The inhibitors used
included 15 wM suramin, 0.18 wM NF449, 1 unit/mL apyrase, 0.5-
5 wM MRS2179 (all from Sigma-Aldrich Chemical, St. Louis,
MO, USA), and 1.25 nM Rho-kinase inhibitor (Calbiochem, EMD
Biosciences, San Diego, CA, USA).

Application of ATP

Exogenous ATP (0.1, 1, 10 uM) (Sigma-Aldrich) was applied to
HPDL cell culture for 2 hrs before total RNA extraction and for 24
hrs before protein extraction. RNA extraction and semi-
quantitative transcription polymerase chain-reaction assay (RT-
PCR) were performed. Total cellular RNA was extracted (Tri-
reagent, Molecular Research Center, Cincinnati, OH, USA)
according to the manufacturer's instructions. One microgram of
each RNA sample was converted to cDNA by the use of an avian
myeloblastosis virus (AMV) for 1.5 hrs at 42°C. After RT, PCR
was performed. The primers were prepared following the reported
sequences from GenBank. The oligonucleotide sequences of the
primers were: GAPDH (NM002046.3), forward 5'-
TGAAGGTCGGAGTCAACGGAT-3', reverse 5'-
TCACACCCATGACGAACATGG-3"; OPN (NM000582.2),
forward 5'-AGTACCCTGATGCTACAGACG-3’, reverse 5'-
CAACCAGCATATCTTCATGGC-3"; P2Y1 (NM002563.2),
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forward 5'-CGGTCCGGGTTCGTCC-3’, reverse 5'-
CGGACCCCGGTACCT-3'; and P2Y2 (NM002564.2), forward
5'-CTAAAGCCAGCCTACGGGAC-3’, reverse 5'-
TCCTATCCTCTGCATGTC-3'.

The PCR was performed with Taq polymerase (Qiagen,
Hilden, Germany) and a PCR volume of 25 L. The amplification
profile for OPN was 1 cycle at 94°C for 1 min, 30 cycles at 94°C
for 1 min, hybridization at 60°C for 1 min,, and extension at 72°C
for 2 min, followed by 1 extension cycle at 72°C for 10 min. The
same profile was also used for P2Y1, P2Y2 (35 cycles), and
GAPDH (22 cycles). The PCR was performed in a DNA thermal
cycler (Biometra, Gottingen, Germany). The amplified DNA was
subjected to electrophoresis on a 2% agarose gel and visualized by
ethidium bromide fluorostaining. The relative intensities of the
bands were measured by image analysis.

Protein Extraction and Western Blot Analysis

Protein was extracted with a radioimmunoprecipitation assay
(RIPA). Protein concentrations were measured by means of a BCA
protein assay kit (Pierce, Rockford, IL, USA). Equal amounts of
protein samples were subjected to electrophoresis on a 10% SDS-
polyacrylamide gel and subsequently transferred onto
nitrocellulose membrane. For the reduction of non-specific
binding, the membrane was incubated in 5% non-fat milk for 2 hrs.
Subsequently, the membrane was incubated with primary antibody
against OPN (1:1000; Chemicon International, Temecula, CA,
USA), P2Y1 or P2Y2 (1:300; Abcam, Cambridge, MA, USA), or
B-actin (1:1000; Chemicon International). The membranes were
then incubated with biotinylated secondary antibody, followed by
peroxidase-labeled streptavidin. The signal was captured by
chemoluminescence (Pierce Biotechnology). The relative intensity
of bands was measured by Scion image analysis software (Scion,
Frederick, MD, USA).

Luciferin-Luciferase bioluminescence assay

The extracellular ATP concentration was determined by means of
an ENLITEN® ATP Assay System Bioluminescence Detection kit
for ATP measurement (Promega, Madison, WI, USA). During
analysis, a 100-pL quantity of Enliten Luciferase/Luciferin (L/L)
medium (rL/L reagent, reconstitution buffer) was added to 100 L
of sample in the microplate. The resulting light signal was
immediately measured by a luminometer (Victor Light
Luminescence Counter, PerkinElmer Ltd., Salem, MA, USA). A
calibration curve was generated for each luciferase assay by serial
dilution of an ATP standard.

Statistical Analysis

All data were analyzed by one-way analysis of variance (ANOVA)
with the use of statistical software (SPSS, Chicago, IL, USA). A
Schefté's test was used for post hoc analysis (p < 0.05).

RESULTS

HPDL cells were activated with mechanical stress (1.5 g/cm?)
for 24 hrs. The results showed that stress induced the up-
regulation of OPN at both mRNA (Fig. 1A) and protein levels
(Fig. 1B). The inductive effect was inhibited by suramin, an
antagonist for the P2 receptor family (Fig. 1A), and NF449, an
antagonist for P2X1, P2X3, P2Y1, and P2Y2 (Fig. 1B). These
results led to the hypothesis that nucleotide receptors,
especially P2X1, P2X3, P2Y1, and P2Y2, were involved in the
induction of OPN. The band density from Western blot analysis
was assessed (Fig. 1).
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Figure 1. Stress-induced OPN expression was inhibited by suramin and
NF449. HPDL cells were stimulated with 1.5 g/cm2 of force for 24 hrs.
Increased OPN mRNA (a) and protein (b) expression was observed. The
stress-induced OPN expression was signifi)cqnﬂy abolished by both
suramin (A) and NF449 (B). The graph represents the band density from
Western blot analysis. The results are expressed as mean + SD from 3
different experiments. *p < 0.05.

For further analysis of the involvement of nucleotide, the
conditioned medium was collected from the culture after
application of stress (stress-induced conditioned medium; CM-
S) for 2 hrs, transferred to another set of cultures, and culture
continued for 24 hrs. The results revealed that the culture
incubated with the stress-induced conditioned medium
increased OPN expression when compared with that incubated
with control conditioned medium (CM-C, Fig. 2A). The results
suggested an effect of the secreted molecule(s) from stress-
treated cultures in OPN induction.

We further examined the amount of ATP in the culture
medium and found that stress increased ATP secretion into the
medium (Fig. 2B). The application of apyrase, an ecto-ATPase,
could partially inhibit the inductive effect of stress-induced
conditioned medium. The data supported the hypothesis that
ATP in the stress-induced conditioned medium had a
significant effect on OPN induction (Fig. 2C).

Since ATP exerted its effect through the P2 receptor, we
investigated the expression of the P2 receptor in HPDL
cells. The results indicated that both P2Y1 and P2Y2
receptors were expressed in HPDL cells (Fig. 3A). However,
we could not detect the expression of P2X1 and P2X3
receptors (data not shown). To elucidate the kinds of P2Y
receptors involved in stress-induced OPN expression, we
used MRS2179, a specific P2Y1 antagonist. The results
showed that MRS2179 inhibited stress-induced OPN
expression in a dose-dependent manner, indicating a role for
the P2Y1 receptor (Fig. 3B).

To confirm the role of ATP, we applied exogenous ATP (0,
0.1, 1, and 10 wM) to the cultures. We found that ATP induced
the expression of OPN in a dose-dependent manner (Fig. 4A).
In addition, the inductive effect of ATP was abolished by the
Rho kinase inhibitor (Fig. 4B), a result similar to that obtained
from mechanical stress application. However, the Rho kinase
inhibitor had no effect on the stress-induced release of ATP
(Fig. 4C). These results suggested that Rho kinase was
involved in the stress/ATP-induced OPN expression, but not in
the stress-induced ATP.
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Figure 2. The conditioned medium (CM-S) induced the expression of
OPN. (A) Cells were incubated for 24 hrs with the medium transferred
from the stress-stimulated (CM-S) and non-stimulated (CM-C) cultures.
CM-S induced OPN expression when compared with control (CM-C).
The inductive effect exerted by CM-S was similar to that resulting from
stress (S) and could be inhibited by NF449. (B) The Luciferin-Luciferase
ioluminescence assay revealed that the amount of ATP in the medium
collected from stress-stimulated cultures (1, 1.5, 2 g/cm?) was
increased. (C) Apyrase partially inhibited the CM-S-induced OPN
expression. The graph shows the band density from Western blot
analysis. The results are expressed as mean + SD from 3 separate
experiments. *p < 0.05; a, mRNA expression; b, protein expression.

DISCUSSION

We previously reported that mechanical stress induced OPN
expression in HPDL cells (Wongkhantee et al., 2007). In this
study, we further demonstrated that the increased expression of
OPN was mediated by the release of ATP, which exerted its
stimulatory effect through P2Y1 receptors.

An increase in the release of ATP in response to
mechanical stress has been shown in several cell types, such as
subepithelial fibroblasts (Furuya et al., 2005), chondrocytes
(Graff et al., 2000), and osteoblasts (Homolya et al., 2000;
Romanello et al., 2001). In the present study, we showed that
HPDL cells are able to release ATP in response to mechanical
stress. However, the exact mechanism of stress-induced ATP
release requires further investigation.

This is the first report showing that ATP induces
osteopontin expression. Our previous study showed that
mechanical-stress-induced OPN occurred via the Rho kinase
pathway. The Rho kinase inhibitor could inhibit the action of
ATP-induced OPN, but not the stress-induced ATP release.
These findings suggest that stress induces the release of ATP,
which in turn mediates Rho kinase activation and results in the
up-regulation of OPN. The function of ATP in the conditioned
medium was confirmed by apyrase, a potent ecto-ATPase for
ATP degradation. However, the incomplete inhibition exerted
by apyrase on the conditioned medium-induced OPN
expression suggests that there might be other molecule(s)
involved in the mechanism, such as other nucleoside
triphosphates and diphosphates, which exert their action
through the P2Y1 receptor.

We found that HPDL cells expressed both P2Y1 and P2Y2
receptors. Although ATP is able to act through almost all
subtypes of P2 receptors (Hoebertz et al., 2003), MRS2179, the
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Figure 3. HPDL cells expressed P2Y1 and P2Y2 ATP receptors. (A) HPDL
cells expressed P2Y1 and P2Y?2 receptors detectable at both mRNA and
protein levels. (B) MRS2179, a specific P2Y1 antagonist, exerted an
inhibitory effect on the stress-induced OPN expression in a dose-
dependent manner. The graph represents the mean + SD of the band
density from Western blot analysis. The data are from 3 separate
experiments. *p < 0.05; a, mRNA expression; b, protein expression.

specific P2Y1 receptor, could completely inhibit the action of
stress-induced OPN. This result indicated that P2Y1 is the main
receptor involved in the induction of OPN.

The stimulatory effect of ATP on the expression of OPN
could affect the homeostasis of the periodontium. OPN has
been shown to facilitate migration and adhesion of osteoclasts
(Denhardt and Guo, 1993; Terai et al., 1999). OPN null mice
exhibited the lack of bone remodeling (Hoebertz et al., 2000).
It is possible that the ATP released from HPDL cells influences
the behavior of both osteoblasts and osteoclasts, which express
P2 receptors, since ATP can potently enhance the activation
and formation of osteoclasts (Morrison et al., 1998) and
stimulates cell proliferation in osteoblasts (Orriss et al., 2006).
Therefore, the ATP released by HPDL cells may influence the
behavior of both PDL and bone cells and subsequently affect
the homeostasis of the periodontium.

In conclusion, the present study shows that mechanical
stress induces OPN expression via ATP, which mediates the
signal through the P2Y1 receptor in HPDL cells. We propose
that the increased ATP plays an important role in the
mechanism of pressure-induced alveolar bone resorption.
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Adenosine triphosphate
stimulates RANKL
expression through P2Y;
receptor—cyclo-oxygenase-
dependent pathway in human
periodontal ligament cells

Luckprom P, Wongkhantee S, Yongchaitrakul T, Pavasant P. Adenosine triphos-
phate stimulates RANKL expression through P2Y; receptor—cyclo-oxygenase-
dependent pathway in human periodontal ligament cells. J Periodont Res 2010; 45:
404-411. © 2010 John Wiley & Sons A/S

Background and Objective: Our previous study showed that human periodontal
ligament cells responded to mechanical stress by increasing adenosine triphosphate
(ATP) release, accompanied by the increased expression of RANKL and osteo-
pontin. We found that the signaling pathway of mechanical stress-induced
osteopontin was mediated through ATP/P2Y receptor and Rho kinase activation
but that of mechanical stress-induced RANKL was different. In this study, we
further investigated the effect of extracellular ATP on the expression of RANKL
and the mechanism involved.

Material and Methods: Human periodontal ligament cells were treated with ATP
(1040 pm). The expressions of RANKL and cyclo-oxygenase 2 (COX-2) were
examined by RT-PCR and western blot analysis. The level of prostaglandin E,
was determined using ELISA. Signaling pathways were investigated by using
inhibitors and antagonist.

Results: Adenosine triphosphate induced the expression of RANKL. Indo-
methacin, an inhibitor of COX, could abolish the induction of RANKL expres-
sion, suggesting a COX-dependent mechanism. A cAMP-dependent protein kinase
inhibitor, H89, and a nuclear factor kB (NF«xB) inhibitor, pyrrolidine dithio-
carbamate, inhibited RANKL expression, prostaglandin E, production and
NF«B translocation. In addition, a specific P2Y receptor antagonist, MRS2179,
and P2Y, small interfering RNA diminished the effect of ATP.

Conclusion: Extracellular ATP stimulates RANKL expression in human perio-
dontal ligament cells through a pathway dependent on the P2Y; receptor, cAMP-
dependent protein kinase, NFxB and COX. Our results suggest that, among the
molecules responsible for the effect of mechanical stress, ATP participates in bone
resorption or bone homeostasis by mediating its signal through the P2Y receptor
and the NFkB-COX-RANKL axis in periodontal tissue.
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Adenosine triphosphate (ATP) and
related nucleotides are recognized as
important and ubiquitous extracellular
messengers that are released from var-
ious kinds of tissues (1,2). Adenosine
triphosphate is often released from
different cell types in response to
mechanical perturbations such as shear
stress, membrane stretch or hypo-
osmotic swelling (1,3-5).

Upon the mechanical stress or bio-
logical activation, ATP can be released
via lytic or non-lytic mechanisms
involving vesicle-mediated secretion,
carrier-mediated transport or plasma
membrane channels (6,7). The released
ATP activates plasma membrane
receptors known as purinergic (P2)
receptors, which are classified broadly
within two families, based on their
mode of signal transduction, as the
ligand-gated ion channels (P2X) and
the G-protein-coupled metabotropic
receptors (P2Y; 8).

Adenosine triphosphate is also one
of the regulators of bone homeostasis.
It has been demonstrated that ATP can
stimulate osteoclast activity via an
up-regulation of the expression of
RANKL in osteoblasts (9). Extra-
cellular ATP stimulated the resorptive
activity of rat osteoclasts (10). Pit for-
mation in vitro was observed when
ATP was added to cultures of human
osteoclasts isolated from a giant cell
tumor (11). These lines of evidence
indicate that ATP participates in bone
homeostasis through the regulation of
RANKL.

Receptor activator of nuclear fac-
tor kB ligand is a molecule essential
for osteoclastogenesis. It is expressed
by osteoblasts as a membrane-associ-
ated factor. When RANKL binds to
RANK, a receptor expressed on the
cell surface of osteoclast precursors, it
stimulates the differentiation of those
precursors into mature osteoclasts. In
contrast, an interaction of RANKL
with  RANK can be inhibited by
osteoprotegerin, a soluble factor
secreted by osteoblasts. Osteoproteg-
erin acts as a decoy receptor for
RANKL and thus prevents osteoclast
differentiation. Therefore, RANKL
and osteoprotegerin are considered as
major factors that regulate bone
homeostasis.

ATP stimulates RANKL expression via P2Y receptor

It is of interest that human perio-
dontal ligament cells also express
RANKL and osteoprotegerin and that
their balance could be altered by
mechanical stress (12,13). Our previous
study found that cells responded to
mechanical stress by increasing the
release of ATP, as well as the expres-
sion of RANKL and osteopontin, at
both the mRNA and the protein level
(14). We also reported that the
mechanical stress up-regulated osteo-
pontin via ATP/P2Y; receptor and
Rho kinase activation (15). However,
the elevation of RANKL expression by
ATP has not been elucidated. In the
present study, we hypothesized that the
up-regulation of RANKL in human
periodontal ligament cells was a con-
sequence of release by ATP. The role
of ATP in RANKL expression and the
mechanism involved was demonstrated
in human periodontal ligament cells.

Material and methods

Cell culture

Human periodontal ligament cells were
obtained from extracted healthy third
molars for orthodontic reason with
informed consent. The protocol was
approved by the Ethics Committee,
Faculty of Dentistry, Chulalongkorn
University. Teeth were rinsed with
sterile phosphate-buffered saline, and
the periodontal tissue was removed
from the middle third of the root sur-
face and grown in Dulbecco’s modified
Eagle’s medium (Hyclone, Logan, UT,
USA) supplemented with 10% fetal
calf serum (Hyclone), 2 mm vr-gluta-
mine (Gibco BRL, Carlsbad, CA,
USA), 100 units/mL penicillin (Gibco
BRL), 100 pg/mL streptomycin (Gibco
BRL) and 5 pg/mL amphotericin
B (Gibco BRL), and incubated in a
humidified atmosphere of 95% of air,
5% CO, at 37°C. Each preparation
was from one molar. Cells from pas-
sage 3 of three different preparations
were used in the experiments.

Treatment of cells

Cells were seeded in six-well plates, at a
density of 25,000 cells em 2, and
grown to subconfluence. After depri-
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vation of serum for 6 h, cells were
stimulated with ATP (Sigma-Aldrich
Chemical, St Louis, MO, USA). To
examine the effect of ATP on RANKL,
cyclo-oxygenase (COX) mRNA
expression and  prostaglandin E,
(PGE,) secretion, cells were treated
with 0, 10, 20 or 40 pm ATP in serum-
free medium. The RNA was extracted
for RT-PCR analysis after 16 h of
treatment, and the medium was col-
lected for ELISA at 2 h after exposure
to ATP. Cell protein extracts and cul-
ture medium were collected from a
parallel set of cultures after 48 h of
stimulation for western blot analysis.
The effective dose was selected and
used for the rest of the experiments.

To confirm the activity of adenylyl
cyclase on RANKL expression and
PGE, release, forskolin (Sigma-
Aldrich Chemical) at 0.1 and 1 mg/mL
was used.

Inhibitors

The inhibitors used were 10 um indo-
methacin (Sigma-Aldrich Chemical),
20 pm  pyrrolidine  dithiocarbamate
(PDTC; Sigma-Aldrich  Chemical),
2 um  phospholipase C  inhibitor
U73122, 5 nm cAMP-dependent pro-
tein kinase inhibitor H89 dihydro-
chloride  hydrate  (Santa  Cruz
Biotechnology, Santa Cruz, CA,
USA), 5 um P2Y, receptor antagonist
MRS2179 (Sigma-Aldrich Chemical)
and small interfering RNA or control
oligonucleotide (Santa Cruz Biotech-
nology). Cells were treated with each
inhibitor for 30 min (24 h for small
interfering  RNA or control oligo-
nucleotide) prior to the addition of
40 pm ATP.

Extraction of RNA and semi-
quantitative RT-PCR

Total cellular RNA was extracted with
reagent (Tri-reagent; Molecular
Research Center, Cincinnati, OH,
USA) according to the manufacturer’s
instructions. One microgram of each
RNA sample was converted to cDNA
by reverse transcription using avian
myeloblastosis  virus reverse tran-
scriptase  (Promega, Madison, WI,
USA) for 1.5 h at 42°C. Subsequent
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to reverse transcription, PCR was
performed. The primers were prepared
following the reported sequences from
GenBank. The oligonucleotide se-
quences of the primers were as follows:

The PCR was performed using Taq
polymerase (Qiagen, Hilden, Ger-
many) with a PCR volume of 25 pl.
The amplification profile for RANKL
(32 cycles) was one cycle at 94°C for
1 min, hybridization at 60°C for 1 min
and extension at 72°C for 2 min, fol-
lowed by one extension cycle at 72°C
for 10 min. The same profile was also
used for osteoprotegerin (24 cycles),
COX-1 (30 cycles), COX-2 (27 cycles)
and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH; 22 cycles). The

Rockford, IL, USA). Equal amouts of
protein samples were subjected to
electrophoresis on a 10% sodium
dodecyl sulfate polyacrylamide gel and
subsequently transferred onto nitro-
cellulose membrane. For the reduction
of non-specific binding, the membrane
was incubated in 5% non-fat milk for
1 h before being incubated in the pri-
mary antibody. The antibody raised
against RANKL (dilution 1:50; R&D
Systems, Minneapolis, MN, USA),
osteoprotegerin (dilution 1:250; R&D
Systems), P2Y; (dilution 1:300; Ab-
cam, Cambridge, MA, USA) or actin
(dilution 1:1000; Chemicon Interna-
tional, Temecula, CA, USA) was used
as the primary antibody. The mem-

RANKL

Forward, 5" CCA GCA TCA AAA TCC CAA GT ¥

Reverse, 5" CCC CTT CAG ATG ATC CTT C 3’

Osteoprotegerin

Forward, 5 TGC AGT ACG TCA AGC AGG A 3

Reverse, 5" TGA CCT CTG TGA AAA CAG C 3’

COX-1

Forward, 5 GCA GCT GAG TGG CTA TTT CC 3’

Reverse, 5" ATC TCC CGA GAC TCC CTG AT 3’

COX-2

Forward, 5 TTC AAA TGA GAT TGT GGG AAA ATT GCT ¥

Reverse, 5 AGA TCA TCT CTG CCT GAG TAT CTT 3’

P2Y,

Forward, 5 CGG TCC GGG TTC GTC C 3’

Reverse, 5 CGG ACC CCG GTA CCT 3

Glyceraldehyde
3-phosphate
dehydrogenase

Forward, 5" TGA AGG TCG GAG TCA ACG GAT 3
Reverse, 5" TCA CAC CCA TGA CGA ACA TGG 3’

PCR was performed in the DNA
thermal cycler (Biometra, Gottingen,
Germany). The amplified DNA was
electrophoresed on a 1% agarose gel
and visualized by ethidium bromide
fluorostaining. The relative intensities
of the gel bands were measured by
imaging software analysis (Scion Im-
age; Scion, Frederick, MD, USA).

Western blot analysis

Osteoprotegerin was prepared from the
culture medium. The lyophilized med-
ium was dissolved in sample buffer,
boiled and subjected to sodium dode-
cyl sulfate-polyacrylamide gel electro-
phoresis to detect osteoprotegerin. To
detect RANKL, P2Y; receptor and
actin, protein was extracted with
radioimmunoprecipitation assay (RIPA)
buffer (Sigma-Aldrich Chemical). Pro-
tein concentrations were measured
using a protein assay kit (BCA protein
assay kit; Pierce Biotechnology,

branes were incubated in biotinylated
secondary antibody, followed by
peroxidase-labeled streptavidin. The
signal was captured by chemolumines-
cence. The relative intensities of bands
were measured by imaging software
analysis (Scion Image; Scion).

Measurement of PGE,

Measurement of PGE, from the media
was performed using PGE, ELISA kits
(Parameter PGE, Immunoassay; R&D
Systems), according to the manufac-
turer’s instructions. The experiments
were performed in triplicate.

Detection of nuclear factor kB (NF«B)
localization by immunofluorescence

Cells were seeded in a chamber slide
(Lab-TEK® II Chamber slide™ Sys-
tem; Nalge Nunc International Corp.,
Rochester, NY, USA) at a density of
50,000 cells per chamber and grown to
subconfluence. After being starved in
serum-free conditions for 6 h, cells were
treated with ATP in the presence or
absence of inhibitors. At the indicated
time, cells were washed in phosphate-
buffered saline (for 5 min, twice) and
fixed with cold methanol (Merck
KGAA, Darmstadt, Germany) for
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Fig. 1. Adenosine triphosphate induced RANKL mRNA and protein expression. Human
periodontal ligament cells were treated with various concentrations of ATP ranging from 0 to
40 um for 16 h for RT-PCR and 48 h for western blot analysis in serum-free conditions. The
results from both RT-PCR (A) and western blotting (C) showed that ATP increased the
expression of RANKL, but not that of osteoprotegerin (OPG), in a dose-dependent manner.
The graphs represent the ratio of RANKL to osteoprotegerin from RT-PCR (B) and western
blot analysis (D). The results are expressed as means + SD from three different experiments.

*Significant difference, p < 0.05.



10 min. Cells were incubated overnight
at 4°C with primary antibody against
NFkB p50 (NLS; dilution 1:200 in 10%
fetal bovine serum, sc-114; Santa Cruz
Biotechnology), followed by biotiny-
lated secondary antibody (dilution
1:1000; Zymed Laboratories Inc., South
San Francisco, CA, USA) and strepta-
vidin—fluorescein isothiocyanate (dilu-
tion 1:1000; Sigma-Aldrich Chemical)
for 40 min. The chamber slide was then
washed with phosphate-buffered saline
and mounted. Cells were observed using
a scanning photographic system (MI-
RAX MIDI, Carl Zeiss Microlmaging
Inc., Jena, Germany).

Transfection of small interfering RNA

Human periodontal ligament cells were
grown in six-well plates, in medium
without antibiotics, to 70-80% con-
fluence. Cells were treated with a mixed
solution of small interfering RNA
oligonucleotides specific to P2Y,
according to the manufacturer’s
instructions (Santa Cruz Biotechnol-
ogy) and were transfected with the
small interfering RNA for 24 h before
treatment with ATP. For the control
culture, control small interfering RNA
was added.

Statistical analysis

All data were analyzed by one-way
analysis of variance (ANOVA) using
statistical software (SPSS, Chicago, IL,
USA). Scheffe’s test was used for post
hoc analysis (p < 0.05).

Results

Our previous results indicated that an
increased level of RANKL expression
as well as increased ATP release was a
response of human periodontal liga-
ment cells to mechanical stimulation
(14,15); the effect of ATP on RANKL
expression was therefore further
investigated in the present study. Hu-
man periodontal ligament cells were
activated with 0, 10, 20 or 40 um ATP,
and the expressions of RANKL
mRNA and protein were analyzed at
16 and 48 h, respectively. The mRNA
expression of RANKL was normalized
to the expression level of GAPDH,

ATP stimulates RANKL expression via P2Y receptor

while the amount of RANKL protein
was normalized to the amount of actin.
The results showed that ATP increased
the expression of RANKL in a con-
centration-dependent manner at both
transcriptional and translational levels
(Fig. 1A,C). The effective concentra-
tion (40 pm) of ATP was used for the
rest of the experiments. However, nei-
ther mRNA nor protein expression
of osteoprotegerin was observed
(Fig. 1A,C). The relative band densi-
ties of RANKL/osteoprotegerin from
each experiment are depicted as histo-
grams (Fig. 1B,D).

To determine the intracellular path-
way involved in the regulation of
RANKL by ATP, indomethacin was
used as an inhibitor. We found that the
elevation of RANKL induced by ATP
was suppressed by indomethacin, a
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(Fig. 2A,B). To confirm that ATP
mediated its signal via the COX
pathway, the expressions of COX-1
and COX-2 and the production of
PGE, were examined after stimulating
the cells with 040 um ATP. The result
showed that ATP increased the
expression of COX-2 but not COX-1
(Fig. 2C).  Production of PGE,
increased remarkably at concentra-
tions of 20 and 40 um (Fig. 2D).

We also investigated which mole-
cules are involved in the ATP-induced
RANKL expression. Inhibitors were
used to explore the signals involved.
The toxicity of the inhibitors was
monitored using 3-[4,5-dimethylthia-
zol-2-yl]-2,5-diphenyl tetrazolium bro-
mide (MTT) assay. Pretreatment with
U73122, an inhibitor of phospholi-
pase C, resulted in neither blockade of

non-specific inhibitor of COX activity = the PGE, release nor RANKL
A Indo c ATP
ATP - + - + 0 10 20 40  pwm
a RANKL COX-1
GAPDH COX-2
b RANKL
GAPDH
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B * D 10
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Fig. 2. Adenosine triphosphate-induced RANKL expression was inhibited by indomethacin.
(A) Human periodontal ligament cells were treated with 40 um ATP in the presence or
absence of indomethacin, a non-specific COX inhibitor, to determine the role of COX in the
mechanism. The inhibitor was added 30 min before the treatment. The RNA was extracted at
16 h, and the cell protein extract was collected at 48 h after the treatment. The results showed
that application of indomethacin could inhibit the up-regulation of RANKL expression
induced by ATP at both the mRNA (Aa) and the protein levels (Ab). The graph (B) rep-
resents the band density from western blot analysis when control as marked as 1. The results

are expressed as means = SD from three different experiments. (C) Adenosine triphosphate
induced COX-2 mRNA after treatment with various concentrations of ATP. The results
revealed that the expression of COX-2 increased in a concentration-dependent manner, but
not COX-1. (D) The amount of PGE, in the culture medium was also measured by ELISA
after 2 h of exposure to ATP. We found that ATP increased PGE, production significantly in
a dose-dependent manner. The graph shows the mean + SD of band density from three

separate experiments. *Significant difference, p < 0.05.
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expression in response to ATP stimu-
lation (data not shown). In contrast,
pre-incubation with either the NF«xB
inhibitor PDTC or H89 dihydrochlo-
ride hydrate, a potent inhibitor of
cAMP-dependent  protein  kinase
(PKA), inhibited the elevation of both
RANKL (Fig. 3A) and PGE,
(Fig. 3B), suggesting that cAMP and
NF«B are the upstream signals of the
PGE,-RANKL axis in response to
ATP in human periodontal ligament
cells. To confirm the involvement of
cAMP, an adenylyl cyclase activator,
forskolin, was used. It appeared that
forskolin increased the synthesis of
RANKL and increased the release of
PGE, from human periodontal liga-
ment cells (Fig. 3C,D). Immuno-
fluorescent staining was also used to
explore the NFxB nuclear transloca-
tion. The results showed that ATP
induced NF«kB translocation and the
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effect was attenuated by H89 as well as
by PDTC (Fig. 4).

To investigate whether P2Y, is the
receptor through which ATP mediates
its signal to up-regulate COX-2 and
RANKL expression, a specific P2Y1
antagonist, MRS2179, was applied to
the cultures prior to addition of ATP.
It appeared that MRS2179 inhibited
the stimulatory effect of ATP on COX-
2 expression (Fig. 5A) and PGE, pro-
duction (Fig. 5B). In addition, the
expression of RANKL mRNA and
protein were attenuated (Fig. 5C,D).
The results suggested that ATP could
act through the P2Y, receptor.

Small interfering RNA was used
as another approach to confirm the
results obtained using P2Y, receptor
antagonist. Control small interfering
RNA and P2Y; small interfering RNA
(120, 140 and 180 pm) were transfected
into human periodontal ligament cells
for 24 h before application of ATP.
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Fig. 3. The stimulatory effect of ATP was abolished by PDTC and H89. Cells were treated
with PDTC, an NF«xB inhibitor, and H89, a cAMP-dependent protein kinase inhibitor,
30 min before the addition of ATP. The protein extract was collected at 48 h for western blot
analysis and the culture medium was collected at 2 h for ELISA after the treatment. The
results showed that ATP-induced RANKL (A) and PGE, production (B) were inhibited by
both PDTC and H89. The effects of forskolin, an activator of adenylyl cyclase, on RANKL
expression and PGE, release are shown in (C) and (D), respectively. The graph (C) represents
the band density from the ratio of RANKL to actin when control as marked as 1. *Signif-

icant difference, p < 0.05.

The results confirmed that P2Y; small
interfering RNA reduced P2Y; mRNA
and protein expression effectively at
120 pMm (Fig. 6A) and that it exerted an
inhibitory effect on both PGE, release
(Fig. 6B) and RANKL expression
(Fig. 6C,D) similar to that exerted by
P2Y, receptor antagonist.

Discussion

The results revealed that extracellular
ATP stimulates RANKL production
through the COX-dependent
pathway. In addition, the stimulatory
effect is mediated through the P2Y;
receptor in  human periodontal
ligament cells.

The role of ATP on the up-regula-
tion of RANKL has been reported
mostly in osteoblasts. Buckley ez al. (9)
demonstrated that ATP stimulated
human osteoclast activity via the up-
regulation of  osteoblast-expressed
RANKL. Jin-Man Kim and co-work-
ers (16) also demonstrated that block-
ing ATP generation significantly
decreases RANKL-stimulated osteo-
clast differentiation. However, the
increase in the level of RANKL gen-
erated by ATP in human periodontal
ligament cells has not been elucidated.
Although our previous study showed
that mechanical stress evoked RANKL
expression as well as ATP secretion,
the impact of ATP on RANKL
expression has not been clarified. The
results of this study provided a clearer
picture showing that the increase of
stress-induced RANKL could be a
consequence of ATP release.

The involvement of COX/PGE, in
the regulation of RANKL expression
has been reported by Kanzaki and co-
workers (12). They demonstrated that
compressive force stimulated osteo-
clastogenesis in periodontal ligament
cells by increasing the expression of
RANKL and PGE, production. We
considered the possibility that PGE,
might be an intermediate mediator of
the ATP-induced RANKL expression.
The expression of COX-1 and COX-2
and the production of PGE, were
examined, and the results showed that
COX-2 and PGE, responded to ATP
stimulation. The supporting evidence is
that the stimulatory effect of ATP was
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Fig. 4. Nuclear localization of NFxB enhanced by ATP was abolished by PDTC and H89.
Human periodontal ligament cells were incubated with or without inhibitor, PDTC or H89,
for 30 min before being treated with ATP for 2 h. Immunofluorescent staining showed that
ATP enhanced nuclear localization of NFxB (B) when compared with the control treatment
(A). The effect of ATP was abolished by PDTC (D) and H89 (F) when compared with their
corresponding control cultures (C,E). Scale bar represents 10 um.

abrogated by indomethacin, an inhibi-
tor of prostanoid synthesis. In addi-
tion, these results were consistent
with previous reports demonstrating
the effect of ATP on the release of
PGE, in many cell types, such as
endothelial cells (17), astrocytes (18)
and epithelial cells (19). We conclude
that, in human periodontal ligament
cells, the up-regulation of RANKL by
ATP is via a COX-dependent pathway.

The blocking effect exerted by NFxB
inhibitor and PKA inhibitor on the
release of PGE, and the expression of
RANKL also suggests that NFxB and
cAMP are the upstream regulators of
the PGE, release. Our study indicated
that ATP induced the translocation of
NFkB and the translocation was sup-
pressed by the inhibitor of cAMP-

dependent protein kinase. The results
suggest that cAMP could be the up-
stream signal of NF«B. It is tempting
to speculate that ATP induces the for-
mation of cAMP and causes activation
of NF«B. Subsequently, activation of
NFxB will activate cyclo-oxygenase,
resulting in the release of PGE..

The involvement of cAMP in ATP-
induced RANKL expression was fur-
ther confirmed by the use of forskolin.
Addition of forskolin without ATP
could increase the expression of
RANKL at both the mRNA and the
protein level.

The finding that NF«B is one of the
downstream targets of the P2 receptor
agreed with the report by Korcok ez al.
(20), which demonstrated that nucleo-
tides acted through P2Yy receptors to
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initiate NFkB signaling in osteoclasts.
In addition, the role of NFxB in con-
trolling the release of PGE, had been
reported (21). However, our data sug-
gest that the increase of PGE, and
RANKL stimulated by ATP are not a
consequence of PLC activity. This
finding is different from those found in
other cell types including epithelial
cells (19,22), which proposed that
ATP-induced release of PGE, was
dependent on intracellular Ca>" and
phospholipase C activity.

In regard to the ATP receptor, ATP
is able to act through almost all sub-
types of P2 receptors to exert various
effects (23). It has been shown to ini-
tiate NFxB signaling and enhance
survival through P2Yy (20) and P2X,
receptors (24) in osteoclasts, to activate
DNA synthesis by acting on P2X
receptors in human osteoblast-like
MG-63 cells (25) and to generate
resorption pits on dentin disks by ele-
vating RANKL expression in osteo-
blast-like UMR-106 cells, where the
P2Y, receptor is predominantly
expressed (9). These results indicate
that locally acting ATP may play a
pivotal role in osteoclast activation at
bone-resorbing sites by inducing ele-
vated expression of RANKL ligament
in bone cells. For human periodontal
cells, we found in the previous study
that perturbing the function of the
P2Y, receptor using MRS2179, a spe-
cific inhibitor of the P2Y, receptor,
attenuated the inductive effect of ATP
on osteopontin expression (15). In the
present study, a similar blocking effect
on ATP-induced RANKL expression
was seen using MRS2179 as well as
small interfering RNA. In addition, it
is notable that interference with the
function of the P2Y, receptor exerted
an almost complete inhibition on the
stimulatory effect of ATP, indicating
that the P2Y; receptor could be the
main receptor involved in the regula-
tion of both RANKL and osteopontin
expression by ATP in human perio-
dontal ligament cells.

Since mechanical stress induces
expression of PGE, (12) as well as
proinflammatory cytokines such as
interleukin-1$ (26), which is able to
stimulate the release of PGE,, it is
possible that the release of PGE, is a
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Fig. 5. The effect of MRS2179 on ATP-induced RANKL expression. Cells were pre-incu-
bated with MRS2179, a specific P2Y, receptor antagonist, for 30 min prior to addition of
ATP. After 16 and 48 h of exposure to ATP, the RNA and protein extract were collected for
RT-PCR and western blot analysis, respectively. The culture medium from a parallel set of
experiments was collected after 2 h of treatment for ELISA. The results showed that
MRS2179 exerted an inhibitory effect on the ATP-induced COX-2 expression (A) and PGE,
production (B). MRS2179 attenuated the ATP-induced RANKL expression at both the
mRNA (Ca) and the protein level (Cb). The graph (D) represents the band density from
western blot analysis when control as marked as 1. The results are expressed as means &= SD
from three different experiments. *Significant difference, p < 0.05.
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Fig. 6. Adenosine triphosphate-induced up-regulation of RANKL may involve the P2Y,
receptor. Human periodontal ligament cells were transfected with P2Y, small interfering (Si)
RNA. (A) The P2Y, small interfering RNA could interfere with the expression of the P2Y'1
receptor at both the mRNA (Aa) and the protein level (Ab). The P2Y; small interfering RNA
inhibited the release of PGE, (B) as well as the expression of RANKL (C). The graph represents
the band density from western blot analysis when control as marked as 1 (D). The results are
expressed as means £+ SD from three different experiments. *Significant difference, p < 0.05.

result of the action of those pro-
inflammatory cytokines. We demon-
strated in the previous report that
mechanical stress increased the level of
ATP (15) and revealed in the present
study that ATP could cause a rise in
PGE, production within 2 h. Our
results advance the understanding that,
besides proinflammatory cytokines,
ATP is one of the upstream signaling
molecules for PGE, release in response
to mechanical stress in human perio-
dontal ligament cells and plays a role in
periodontal tissue homeostasis through
the P2Y, receptor.

In conclusion, extracellular ATP
stimulates RANKL production by
human periodontal ligament cells
through P2Y; receptor—-COX-PGE,
pathways (Fig. 7). Adenosine triphos-
phate may thereby play an important

physiological role in periodontal
remodeling.
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Abstract

Background and Objective: Our previous studies showed mechanical stress could induce
adenosine triphosphate (ATP) release in human periodontal ligament (HPDL) cells. By
signaling through P2 purinergic receptors, ATP increased expression and synthesis of
osteopontin (OPN) and receptor activator of nuclear factor kappa-B ligand (RANKL). In
this study, the mechanism of stress-induced ATP release was investigated.

Material and Methods: Continuous compressive forces were applied on cultured HPDL
cells. The released ATP was measured using luciferin-luciferase bioluminescence. The
expression of gap junction proteins was examined by reverse transcription polymerase
chain reaction (RT-PCR) and western blot analysis. The opening of hemichannels was
demonstrated by cellular uptake of fluorescent dye, 5(6)-carboxyfluorescein, which is
known to penetrate hemichannels. Intracellular signal transduction was investigated using
inhibitors and antagonists.

Results: Mechanical stress caused the release of ATP into culture medium, which could be
attenuated by carbenoxolone, a nonspecific gap junction inhibitor.  Addition of
meclofenamic acid sodium salt, a connexin43 (Cx43) inhibitor, inhibited ATP released by
mechanical stress. Knockdown of Cx43 expression by small interference RNA (siRNA)
reduced the amount of mechanical stress-induced ATP release, suggesting the role of Cx43
hemichannels. In addition, intracellular Ca®* blockers could also inhibit mechanical stress-
induced ATP release and the opening of gap junction.

Conclusion: Our study demonstrated the involvement of gap junction hemichannels,
especially Cx43, in the stress-induced ATP release mechanism. Furthermore, this
mechanism may be regulated by the intracellular Ca** signaling pathway. These results
suggest an important role of gap junction hemichannels in the function and behavior of

HPDL cells.
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Introduction

Adenosine triphosphate (ATP) is one of the extracellular signaling molecules
regulating various biological processes including cell proliferation, cell differentiation,
muscle contraction and intercellular communication (1). Reports indicated ATP has a
significant function in controlling cellular behavior. For example, extracellular ATP
promoted collagen deposition in osteoblast culture (2) while inhibiting in vitro calcification
(3). It is well-known that, in periodontal tissue, ATP is considered an inflammatory
mediator playing important role in chronic periodontitis. ATP caused growth arrest and
might influence periodontal tissue regeneration (4).

Adenosine triphosphate can be released from cells in response to various types of
stimulation such as mechanical stress, hypotonic condition and reduced extracellular Ca?*
level (5-9). The detailed mechanism of ATP release is still not fully understood. However,
several mechanisms have been reported including vesicular release, active transport via
ABC transporters, diffusion via stretch-activated channels, voltage-dependent anion
channels as well as connexin hemichannels (10).

Gap junctions are specialized membrane structures which directly connect the
cytoplasm of two neighboring cells. They function in cell-cell communication by allowing
the passage of small molecules such as amino acids, ions and second messengers. In
addition, a function of hemichannel or half gap junction on cell surface has been reported
as a channel connecting between cell and the extracellular space (11). In general, the
structure of hemichannel or connexon is composed of six connexins subunits joined
together to form a nonselective channel permeable to molecules of less than 1,000 daltons.
ATP, with a molecular weight of 507.21 daltons, could therefore be released via the opened

hemichannels (5, 12-14).
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The involvement of hemichannels in ATP release has been directly demonstrated in
several cell types. Studies in astrocytes, endothelial cells, cochlea and osteocytes showed
the released ATP was inhibited by hemichannels blockers (5, 9, 13, 15). In addition,
certain types of connexins (Cx) have been shown to be ATP releasing channels. Among
these, pannexin-1 and connexin43 (Cx43) were reported to be a conduit for ATP-release by
various stimuli (16-20).

Connexin43 is expressed in many tissues including HPDL cells (21-23). The
involvement of Cx43 in ATP release was demonstrated in retinal pigment epithelium (24),
human microvascular endothelial cells (19), polymorphonuclear leukocytes (18),
chondrocytes (25) and osteocytes (15).

Our previous studies showed mechanical stress induced ATP release in HPDL cells.
Exogenous ATP subsequently activated P2 receptors, resulting in increased expression and
synthesis of OPN and RANKL. Addition of suramin, a P2 receptor antagonist, suppressed
the induction of both OPN and RANKL but had no effect on the release of ATP. These
results indicated P2 receptors involved in the induction of OPN and RANKL, but did not
participate in the formation and release of ATP. However, the mechanism of ATP release
in HPDL cells by mechanical stress was still unknown. In the present study, we aimed to
investigate the mechanism and the intracellular signal transduction pathway involved in

mechanical stress-induced ATP release in HPDL cells.

Material and methods
Cdl culture

HPDL cells were obtained from healthy third molars extracted for orthodontic
reasons and prepared as previously described (26). The protocol was approved by the

Ethics Committee, Faculty of Dentistry, Chulalongkorn University. Informed consent was
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obtained from each patient (four females and two males; 18-22 years of age). Briefly, after
rinsing with sterile phosphate buffered saline, periodontal tissue was scraped from the
middle third of the root surface and placed in culture vessels containing Dulbecco’s
modified Eagle’s medium (Hyclone, Logan, UT, USA) supplemented with 10% fetal calf
serum (Hyclone), 2 mM L-glutamine (Gibco BRL, Carlsbad, CA, USA), 100 units/mL
penicillin (Gibco BRL), 100 pg/mL streptomycin (Gibco BRL), and 5 pg/mL amphotericin
B (Gibco BRL), then incubated in an atmosphere of air containing 5% CO; at 37°C. Each
cell preparation was established from one donor. Cells from the 3™ to 5™ passages were
used. All experiments were performed in triplicate using cells prepared from three different
preparations.

All the obtained PDL cells were characterized by the level of alkaline phosphatase
(ALP) activity and the ability to initiate an in vitro calcification after cultured in the

osteogenic condition medium for 14-16 days.

Application of Mechanical Stress

Mechanical stress was applied as previously described (27). Briefly, cells were
seeded in six-well plates at a density of 25,000 cells cm™ for 16 h. A plastic cylinder
containing metal coins was placed over the culture to generate compressive forces ranging

from 0 to 2.5 g/cm? for 0 to 4 h.

M easurement of extracellular ATP (L uciferin-luciferase bioluminescence assay)

Cells were seeded in six-well plates at a density of 25,000 cells cm™ and grown to
approximately 90% confluence. After deprivation of serum for 6 h, mechanical stress was
applied to the culture. For the inhibitory experiments, inhibitors were added 30 min prior

to stress application. Culture medium was collected for extracellular ATP measurement
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using a highly sensitive luciferase based technique (ENLITEN®ATP Assay System
Bioluminescence Detection Kit for ATP, Promega, Madison, WI, USA). The assay used
recombinant luciferase to catalyze the following reaction; ATP + D-Luciferin + O, >
Oxyluciferin + AMP + PPi + CO; + Light (560 nm). When ATP was the limiting
component in the luciferase reaction, the intensity of the emitted light was proportional to
ATP concentration. Measurement of the light intensity using a luminometer (Victor Light
Luminescence Counter, PerkinElmer Ltd., Salem, MA, USA) permitted direct quantitation
of ATP. A calibration curve was generated for each luciferase assay by serial dilution of an

ATP standard.

Inhibitors

For inhibitory experiments, inhibitors or small interfering RNA (siRNA) were
added 30 min or 24 h respectively prior to stress application. The inhibitors used included
5-10 uM carbenoxolone disodium salt (Sigma-Aldrich Chemical), 20 uM meclofenamic
acid sodium salt (Sigma-Aldrich Chemical), 100 uM spermine (Sigma-Aldrich Chemical),
12.5-25 nM thapsigargin (Sigma-Aldrich Chemical), 25-50 uM [3,4,5-trimethoxybenzoic
acid 8-(diethylamino)octyl ester]; TMB-8 (BIOMOL Research Laboratories, Inc.,
Plymouth, PA, USA), 100-200 ug/ml heparin sodium salt (Sigma-Aldrich Chemical), 25-
50 uM 2-Aminoethoxydiphenyl borate; 2-APB (Sigma-Aldrich Chemical), and siRNA

oligonucleotide specific to Cx43 and control oligonucleotide (Santa Cruz Biotechnology).

Extraction of RNA and semiquantitative RT-PCR
Total cellular RNA was extracted with Tri-reagent (Molecular Research Center,
Cincinnati, OH, USA) according to the manufacturer’s instructions. One microgram of

each RNA sample was converted to cDNA by reverse transcription using avian
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myeloblastosis virus reverse transcriptase (Promega, Madison, W1, USA) for 1.5 h at 42°C.
Subsequent to reverse transcription, PCR was performed. Primers were prepared following
the reported sequences from GenBank. The oligonucleotide sequences were shown in
Table 1. PCR was performed in DNA thermal cyclers (Biometra, Gottingen, Germany),
using Tag polymerase (Qiagen, Hilden, Germany) with a PCR volume of 25 pl. The
amplification profile for RANKL (32 cycles) was one cycle at 94°C for 1 min,
hybridization at 60°C for 1 min and extension at 72°C for 2 min, followed by one extension
cycle at 72°C for 10 min. The same profile was also used for osteoprotegerin (24 cycles),
pannexinl (35 cycles), Cx26 (35 cycles), Cx32 (35 cycles), Cx37 (35 cycles), Cx40 (35
cycles), Cx43 (35 cycles), Cx45 (35 cycles), Cx50 (35 cycles), and glyceraldehyde 3-
phosphate dehydrogenase; GAPDH (22 cycles). The amplified DNA was electrophoresed

on 1% agarose gel and visualized by ethidium bromide fluorostaining.

Western blot analysis

For protein detection, total protein was extracted with radioimmunoprecipitation
assay (RIPA) buffer. Protein concentrations were quantified using a protein assay kit
(BCA protein assay kit; Pierce Bio-technology, Rockford, IL, USA). Equal amounts of
protein samples were subjected to electrophoresis on a 10% sodium dodecyl sulfate
polyacrylamide gel and subsequently transferred onto a nitrocellulose membrane. To
reduce non-specific binding, membranes were incubated in 5% non-fat milk for 1 h before
being incubated in primary antibody raised against RANKL (clone: 70513 dilution 1:50;
R&D Systems, Minneapolis, MN, USA), Cx43 (clone: CX-1B1 dilution 1:250; Invitrogen
Corporation), or actin (clone: C4 dilution 1:1000; Chemicon International). Membranes
were then incubated in biotinylated secondary antibody, followed by peroxidase-labeled

streptavidin. The signal was captured by chemiluminescence (SuperSignal® West Pico
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Stable Peroxide Solution and SuperSignal® West Pico Luminol/Enhancer Solution, Pierce

Bio-technology, Rockford, IL, USA).

Dye-Uptake Assay

Transmembrane flux of low molecular weight dyes is a commonly used method for
assessing the presence and function of connexin hemichannels. For an independent
verification that a gap junction-like channel is involved in ATP release, we evaluated the
uptake of 5(6)-carboxyfluorescein, a fluorescent tracer molecule with a molecular weight
of 376.32 daltons (Sigma-Aldrich Chemical), into HPDL cells after undergoing mechanical
stress. Gap junction inhibitors were added 30 min prior to 5 min mechanical stress
application. Cells were then incubated in 5 mM 5(6)-carboxyfluorescein for 10 min,
washed with PBS and Tyrode’s solution, and observed under a fluorescence microscope.
Background dye uptake was defined as fluorescence achieved in the absence of mechanical

stress. Images were acquired using an Axiovert 40CFL microscope (Carl Zeiss, Germany).

Transfection of small interfering RNA

HPDL cells were grown in six-well plates, in medium without antibiotics, to 70-
80% confluence. Cells were treated with a mixed solution of siRNA oligonucleotides
specific to Cx43 according to the manufacturer’s instructions (Santa Cruz Biotechnology)
and were transfected with siRNA for 24 h before treatment. For the control, cells were

treated with control siRNA (Santa Cruz Biotechnology).

Statistic analysis
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All data were analyzed by one-way analysis of variance (ANOVA) using statistical
software (SPSS, Chicago, IL, USA). Scheffe’s test was used for post hoc analysis (p <

0.05).

Results

Carbenoxolone, a gap junction inhibitor, attenuated stress-induced ATP release.

To study the mechanism of extracellular ATP release in HPDL cells, we first
measured the extracellular ATP within the culture media after HPDL stimulation with
mechanical stress. A force dependent mechanism of ATP release was observed (p<0.05)
(Fig.1A). A mechanical stress level of 2.5 g/lcm? was selected for use in the time course
experiment of ATP release. An increase in ATP was noted within 1 min after stress
application. The amount of ATP decreased after 10 min but increased again at 2 h (Fig.
1B).

Carbenoxolone, a non-specific inhibitor of gap junctions, was added 30 min prior to
stress application in order to investigate the influence of gap junction in mechanical stress
induced-ATP release in HPDL cells. The 2.5 g/cm? of mechanical stress was applied on
HPDL cells for 5 min in the presence or absence of carbenoxolone. Our results showed
carbenoxolone significantly suppressed mechanical stress-induced ATP release (Fig.2A).
Moreover, carbenoxolone inhibited the upregulation of RANKL but not osteoprotegerin
(OPG) mRNA expression induced by mechanical stress (Fig.2B), corresponding to
previous results showing stress-induced RANKL mRNA expression through the release of

ATP.
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The effect of carbenoxolone prompted us to examine the expression of gap junction
proteins in HPDL cells. By using RT-PCR analysis, we observed HPDL cells expressed at

least 7 gap junction proteins including Cx26, 32, 37, 40, 43, 45 and pannexinl (Fig.2C).

Cx43 is involved in stress-induced ATP release in HPDL cells

In order to clarify the type of gap junction involved in ATP release, specific gap
junction inhibitors were used. Specific inhibitors to Cx40 and Cx43 were selected based on
previous reports (18-20, 28). Results in Figure 3A indicated the Cx43 inhibitor
(meclofenamic acid sodium salt), but not the Cx40 inhibitor (spermine) attenuated stress-
induced ATP release. Application of the Cx43 inhibitor, but not the Cx40 inhibitor, also
suppressed the mechanical stress-induced RANKL but not OPG at both mRNA (Fig.3B)
and protein levels (Fig.3C), supporting the role of Cx43 in mechanical stress induced ATP
release and RANKL upregulation.

The significance of Cx43 hemichannels in stress-induced ATP release was further
investigated by transient transfection of HPDL cells with siRNA. Control siRNA and
Cx43 siRNA were transfected into HPDL cells for 24 h before mechanical stress
application. We observed Cx43 siRNA effectively reduced the level of Cx43 mRNA
(Fig.4A) and protein expression (Fig.4B) as shown in lane 4 of Figure 4A. Downregulation
of Cx43 expression by siRNA resulted in a strong inhibition of mechanical stress-induced
ATP release (Fig.4C). MOCK transfected cells (transfection reagent alone) and cells
transfected with control siRNA showed a normal pattern of ATP release in responses to

mechanical stress (Fig.4C).

Mechanical stress-induced the opening of gap junction hemichannels
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Dye uptake experiments were performed to examine the effect of mechanical
stimulation on the opening of gap junction hemichannels. Results showed increased
carboxyfluorescein uptake by HPDL cells after mechanical stress application, compared to
control (Fig.5A-B). Furthermore, the inductive effect of mechanical stress on the opening
of hemichannels was suppressed by carbenoxolone (data not shown) and Cx43 inhibitor

(Fig.5C-D) but not Cx40 inhibitor (Fig.5E-F).

Intracellular calcium participated in stress-induced ATP release

It has been reported that an increase in intracellular calcium participates in the
opening of hemichannels (24, 29). To test whether intracellular calcium is involved in
stress-induced gap junction opening, HPDL cells were incubated with TMB-8, which
inhibits Ca”" release from intracellular stores and Ca®* influx, before treating the cells with
mechanical stress. As shown in Figure 6A, TMB-8 suppressed the amount of stress-
induced ATP release in a dose dependent manner. Moreover, addition of thapsigargin, an
inhibitor of calcium-ATPase to deplete intracellular storage, could significantly abolish the
extracellular ATP released when compared to control (Fig.6B). These results support that
intracellular Ca**storage is necessary for ATP release.

Next, two IP3 antagonists, heparin and 2-APB were used to examine the role of the
IP3 receptor. Results showed both heparin (Fig.6C) and 2-APB (Fig.6D) significantly
decreased mechanical stress-evoked ATP release, supporting the role of the IP3 receptor in
stress-induced ATP release. Furthermore, carboxyfluorescein dye uptake was attenuated
by thapsigargin and 2APB (Fig.7), suggesting intracellular Ca®* signaling might be the

upstream signal to gap junction opening in HPDL cells.

Discussion
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Mechanical stress-induced ATP release has been reported in several cell types such as
subepithelial fibroblasts (30), chondrocytes (31), airway epithelial cells (32), osteoblastic
cells (33) and HPDL cells (6). In HPDL cells, increased extracellular ATP resulted in the
upregulation of OPN and RANKL expression (6, 26). In this study, we investigated the
mechanism of mechanical stress-induced ATP release. Our results provide evidence that,
in HPDL cells, ATP was released through Cx43 hemichannels. Moreover, the mechanism
of ATP release was regulated by an intracellular Ca** signaling pathway.

The results of this study also indicate HPDL cells express at least 7 gap junction
proteins including Cx26, 32, 37, 40, 43, 45 and pannexinl, similar to a study by Yamaoka
et al. (34) which found HPDL cells expressed Cx32, Cx40, Cx43 and Cx45. The function
of gap junction hemichannels was demonstrated by using carbenoxolone disodium salt, a
nonspecific gap junction blocker. The inhibitory effect of carbenoxolone on mechanical
stress-induced ATP release supports that gap junction hemichannels are involved in the
mechanism.

Our findings also correspond with Bennett et al. (35) , which showed ATP and
other small molecules can be released via hemichannel opening. In our study, we focused
on the role of Cx43 and Cx40 since there are evidences linking ATP efflux to these
hemichannels in many cell types. For example, human osteoblast-like initial transfectant
(HOBIT) cells expressed Cx43 and released ATP in response to mechanical stimulation
(33). The efflux of ATP through Cx43 hemichannels in C6 cells was also identified in the
membrane of hippocampal astrocytes in acutely prepared slices (20). In addition,
mechanical stimulation mediated ATP release through Cx40 hemichannels in an isolated
glomerular endothelium cell (28). Based on the strong blocking effects of a Cx43 inhibitor
and Cx43 siRNA, our results indicate Cx43 is one of the ATP releasing channels in HPDL

cells.
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The balance of RANKL and OPG is important for osteoclast formation, activation
and survival (36). Therefore, increased expression of RANKL, but not OPG, would
increase the RANKL/OPG ratio and promote osteoclastogenesis. Our studies revealed
mechanical stress as well as ATP (26) could induce RANKL expression, but not OPG, in
HPDL cells. It has been reported that there are different signaling pathways regulating
RANKL and OPG. Kanzaki et al. (37) demonstrated static mechanical compression
promoted osteoclastogenesis via the upregulation of RANKL expression, while OPG
expression remained constant throughout the application of compressive forces in HPDL
cells. In contrast, OPG but not RANKL was upregulated in HPDL cells when cells were
treated with strain or thrombin (38, 39).

Transmembrane flux of low molecular weight dye, 5(6)-carboxyfluorescein, is a
commonly used method for assessing the presence and function of connexin hemichannels
(40, 41). Our study showed mechanical stimulation of HPDL cells could evoke both dye
uptake as well as ATP release. The fact that Cx43 inhibitor suppressed dye uptake by
mechanical stress stimulation suggested Cx43 might be a major gap junction protein which
responds to mechanical stress. In addition, the present work demonstrated mechanical
stress-induced ATP release or dye uptake might require changes in intracellular Ca®*. It is
possible that the release of ATP by mechanical stress is not a direct effect of mechanical
stress but is mediated by Ca”* signaling cascade.

The Ca*" signaling associated with ATP release has been reported (5, 42).
Increased intracellular Ca** has been implicated in ATP release from many cell types
including osteoblast-like cells (43, 44). Furthermore, reports suggested the increase in
cytoplasmic free Ca®* concentration could trigger Cx hemichannels opening (24, 29). It is
possible that mechanical stress altered intracellular Ca?* levels, leading to the opening of

Cx43 hemichannels, allowing the release of ATP in HPDL cells. In agreement with the

Journal of Periodontal Research



Page 15 of 32

©CoO~NOUITA,WNPE

Journal of Periodontal Research - manuscript proof

15

role of increased intracellular Ca®* levels in ATP release, application of Ca** blocker could
inhibit mechanical stress-induced ATP release suggesting the importance of Ca** and Cx43
in regulating mechanical stress-induced ATP release in HPDL cells.

The question remains whether stress induced ATP release or ATP synthesis.
Generally, the amount of intracellular ATP is in the millimolar ratio (45). Our data
indicated increased extracellular ATP could be detected within a minute after stress
application. Taken together, it is reasonable to postulate that mechanical stress induced
ATP release from intracellular storage.

In conclusion, the present study showed mechanical stress induced ATP release
through Cx43 hemichannels. The mechanism of ATP release may depend on the
intracellular Ca®* signaling pathway. Our results indicate an important role of Cx43
hemichannels in the function and behavior of HPDL cells. However, the identity of cell
surface receptor(s), if any, responding to mechanical stress is still in question and needs

further investigation.
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Figure Legends
Fig. 1 Mechanical stress-induced ATP release in HPDL cells

Luciferin-luciferase assay was used to determine the amount of ATP release.
HPDL cells were treated with different levels of mechanical stress ranging from 0 to 2.5
g/cm? and the amount of ATP released was measured (A). Maximum extracellular ATP
level was observed when a 2.5 g/cm? stress was applied, therefore, this loading force was
used in all later experiments. (B) The amount of ATP released from HPDL cells was
measured from 1 min to 2 h after a 2.5 g/cm? stress treatment. The results show mechanical
stress could induce ATP release in a dose and time dependent manner. The maximum
extracellular ATP level was observed when a 2.5 g/cm? stress was applied for 5 min. The
results are expressed as mean + SD from three separate experiments. *Significant

difference, p < 0.05.

Fig. 2 The release of ATP was attenuated by a gap junction inhibitor.

Mechanical stress (2.5 g/lcm?) was applied on cultured HPDL cells for 5 min and 2
h to induce ATP release (A) and RANKL upregulation (B) respectively, in the presence or
absence of a gap junction inhibitor carbenoxolone. The inhibitor was added 30 min prior to
stress application. Carbenoxolone could attenuate the effect of mechanical stress on ATP
release (A) and RANKL upregulation as judged by reverse transcription polymerase chain
reaction (RT-PCR) (B).

(C) revealed the expression of gap junction proteins including connexin 26, 32, 37,
40, 43, 45 and pannexin-1 in HPDL cells by RT-PCR. RANKL,; receptor activator of
nuclear factor kB ligand, OPG; osteoprotegerin, GAPDH; glyceraldehydes-3-phosphate
dehydrogenase, Cx; connexin, Px; pannexin. Results are expressed as mean + SD from

three individual experiments. *Significant difference, p < 0.05.
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Fig. 3 Mechanical stress-induced ATP release and RANKL upregulation was strongly
inhibited by a Cx43 inhibitor

Mechanical stress (2.5 g/cm?) was applied on cultured HPDL cells in the presence
or absence of 20 UM meclofenamic acid sodium salt (Cx43 inhibitor) or 100 uM spermine
(Cx40 inhibitor). Inhibitors were added 30 min prior to stress application. Culture medium
was collected after 5 min and ATP was measured using a Luciferin-luciferase assay. RNA
and protein were extracted after 2 h and 4 h stress application, respectively. Results
showed the Cx43 inhibitor, but not Cx40 inhibitor, could inhibit mechanical stress-induced
ATP release (A) and upregulation of RANKL, but not OPG, at both mRNA (B) and protein
level (C). RANKL,; receptor activator of nuclear factor kB ligand, OPG; osteoprotegerin,
GAPDH; glyceraldehydes-3-phosphate dehydrogenase. Results are expressed as mean +

SD from three individual experiments. *Significant difference, p < 0.05.

Fig. 4 Knockdown of Cx43 suppressed the inductive effect of mechanical stress on ATP
release.

A and B show the mRNA and protein levels of Cx43 in HPDL cells respectively,
after transfection with Cx43 small interfering (si) RNA. Graph in C indicates Cx43 siRNA
transfection inhibited the inductive effect of mechanical stress-induced ATP release while
the control siRNA (siCtrl) and the addition of transfection reagent alone (MOCK) had no
effect. The results support a role of Cx43 in ATP release. Results are expressed as mean +

SD from three individual experiments. *Significant difference, p < 0.05.

Fig. 5 Mechanical stress induced opening of Cx43-hemichannels in HPDL cells.
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HPDL cells were incubated with 5 mM 5(6)-carboxyfluorescein prior to treatment
with 2.5 g/cm? of mechanical stress for 5 min. Meclofenamic acid sodium salt (Cx43
inhibitor) or spermine (Cx40 inhibitor) was added 30 min prior to stress application.
Cultures were washed with PBS and Tyrode’s solution, and observed under a fluorescent
microscope. The presence of fluorescence signal indicated the influx of carboxyfluorescein
into the cells after stress application (A-B). Addition of Cx43 (C-D) and Cx40 (E-F)
inhibitors reduced the fluorescence signal in HPDL cells receiving mechanical stress. By
fluorescent analysis, the Cx43 inhibitor appears to be more effective than the Cx40

inhibitor. Scale bar =50 pum.

Fig. 6 The mechanism of ATP release depend on intracellular calcium signaling.

HPDL cells were pre-treated with the intracellular calcium inhibitor TMB-8 (A),
thapsigargin (B), IP3 inhibitors heparin (C) and 2-APB (D) for 30 min prior to mechanical
stress application. All inhibitors could significantly inhibit ATP release induced by
mechanical stress. Results are expressed as mean + SD from three individual experiments.

*Significant difference, p < 0.05.

Fig. 7 Blockage of carboxyfluorescein influx by thapsigargin and 2APB.

HPDL cells were incubated with thapsigargin or 2APB for 30 min prior to 5 min
mechanical stress application. The addition of carboxyfluorescein resulted in the influx of
fluorescence into the cells after stress application (A-B). The presence of thapsigargin and
2APB inhibited the uptake of carboxyfluorescein (C-F), indicating the role of an
intracellular Ca®* signaling pathway and IP3 receptor in stress-induced hemichannel

opening. Scale bar =50 um.
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Table 1. Details of primersused in this study.
Gene Accession number Forward Primer Reverse Primer Product
Seguence (5’ 2 3) Seguence (5" 2 3) size (bp)
RANKL NM 033012.3 CCAGCATCAAAATCCCAAGT CCCCTTCAGATGATCCTTC 602
OPG NM 002546.3 TCAAGCAGGAGTGCAATCG AGAATGCCTCCTCACACAGG 341
Px1 NM 015368.3 GGATCCTGAGAAACGACAGC CTCTGTCGGGCATTCTTCTC 496
Cx26 NM 004004.5 GCAGAGACCCCAACGCCGAGAC GCAGACAAAGTCGGCCTGCTCA 239
Cx32 NM 001097642.2 CTGCTCTACCCGGGCTATGC CAGGCTGAGCATCGGTCGCTCT 330
Cx37 NM 002060.2 GGTGGGTAAGATCTGGCTGA ATAGGTGCCCATCAGTGCTC 406
Cx40 NM 181703.2 GGGAGGCCATATTATTGCTG GTGGCAGAGAAGGCAGAACT 486
Cx43 NM 000165.3 GGACATGCACTTGAAGCAGA CAGCTTGTACCCAGGAGGAG 496
Cx45 NM 001080383.1 CACGGTGAAGCAGACAAGAA GCAAAGGCCTGTAACACCAT 417
Cx50 NM 005267.3 TCATCCTGTTCATGTTGTCTGTGGC | AACCTCGGTCAAGGGGAAATAGT 238
GAPDH | NM 002046.3 TGAAGGTCGGAGTCAACGGAT TCACACCCATGACGAACATGG 395
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Fig. 1 Mechanical stress-induced ATP release in HPDL cells
Luciferin-luciferase assay was used to determine the amount of ATP release. HPDL cells were
treated with different levels of mechanical stress ranging from 0 to 2.5 g/cm2 and the amount of

ATP released was measured (A). Maximum extracellular ATP level was observed when a 2.5 g/cm2
stress was applied, therefore, this loading force was used in all later experiments. (B) The amount

of ATP released from HPDL cells was measured from 1 min to 2 h after a 2.5 g/cm2 stress

treatment. The results show mechanical stress could induce ATP release in a dose and time
dependent manner. The maximum extracellular ATP level was observed when a 2.5 g/cm?2 stress
was applied for 5 min. The results are expressed as mean + SD from three separate experiments.

*Significant difference, p < 0.05.
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Fig. 2 The release of ATP was attenuated by a gap junction inhibitor.

Mechanical stress (2.5 g/cm2) was applied on cultured HPDL cells for 5 min and 2 h to induce ATP
release (A) and RANKL upregulation (B) respectively, in the presence or absence of a gap junction
inhibitor carbenoxolone. The inhibitor was added 30 min prior to stress application. Carbenoxolone
could attenuate the effect of mechanical stress on ATP release (A) and RANKL upregulation as

judged by reverse transcription polymerase chain reaction (RT-PCR) (B).

(C) revealed the expression of gap junction proteins including connexin 26, 32, 37, 40, 43, 45 and
pannexin-1 in HPDL cells by RT-PCR. RANKL; receptor activator of nuclear factor kB ligand, OPG;
osteoprotegerin, GAPDH; glyceraldehydes-3-phosphate dehydrogenase, Cx; connexin, Px;
pannexin. Results are expressed as mean + SD from three individual experiments. *Significant
difference, p < 0.05.
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Fig. 3 Mechanical stress-induced ATP release and RANKL upregulation was strongly inhibited by a
32 Cx43 inhibitor

33 Mechanical stress (2.5 g/cm2) was applied on cultured HPDL cells in the presence or absence of 20
34 MM meclofenamic acid sodium salt (Cx43 inhibitor) or 100 uM spermine (Cx40 inhibitor). Inhibitors
35 were added 30 min prior to stress application. Culture medium was collected after 5 min and ATP
36 was measured using a Luciferin-luciferase assay. RNA and protein were extracted after 2 h and 4 h
37 stress application, respectively. Results showed the Cx43 inhibitor, but not Cx40 inhibitor, could
33 inhibit mechanical stress-induced ATP release (A) and upregulation of RANKL, but not OPG, at both

mRNA (B) and protein level (C). RANKL; receptor activator of nuclear factor kB ligand, OPG;
osteoprotegerin, GAPDH; glyceraldehydes-3-phosphate dehydrogenase. Results are expressed as
mean + SD from three individual experiments. *Significant difference, p < 0.05.
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Fig. 4 Knockdown of Cx43 suppressed the inductive effect of mechanical stress on ATP release.
A and B show the mRNA and protein levels of Cx43 in HPDL cells respectively, after transfection
with Cx43 small interfering (si) RNA. Graph in C indicates Cx43 siRNA transfection inhibited the
inductive effect of mechanical stress-induced ATP release while the control siRNA (siCtrl) and the

addition of transfection reagent alone (MOCK) had no effect. The results support a role of Cx43 in
ATP release. Results are expressed as mean + SD from three individual experiments. *Significant
difference, p < 0.05.
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Cont Cx43 inh Cx40 inh

stress Cx43 inh + stress Cx40 inh + stress

Fig. 5 Mechanical stress induced opening of Cx43-hemichannels in HPDL cells.

HPDL cells were incubated with 5 mM 5(6)-carboxyfluorescein prior to treatment with 2.5 g/cm2 of
mechanical stress for 5 min. Meclofenamic acid sodium salt (Cx43 inhibitor) or spermine (Cx40
inhibitor) was added 30 min prior to stress application. Cultures were washed with PBS and
Tyrode's solution, and observed under a fluorescent microscope. The presence of fluorescence
signal indicated the influx of carboxyfluorescein into the cells after stress application (A-B). Addition
of Cx43 (C-D) and Cx40 (E-F) inhibitors reduced the fluorescence signal in HPDL cells receiving
mechanical stress. By fluorescent analysis, the Cx43 inhibitor appears to be more effective than the
Cx40 inhibitor. Scale bar = 50 ym.
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Fig. 6 The mechanism of ATP release depend on intracellular calcium signaling.
HPDL cells were pre-treated with the intracellular calcium inhibitor TMB-8 (A), thapsigargin (B), IP3
inhibitors heparin (C) and 2-APB (D) for 30 min prior to mechanical stress application. All inhibitors
could significantly inhibit ATP release induced by mechanical stress. Results are expressed as mean
+ SD from three individual experiments. *Significant difference, p < 0.05.
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Cont Thapsigargin 2APB
-
stress Thapsigargin + stress 2APB + stress

Fig. 7 Blockage of carboxyfluorescein influx by thapsigargin and 2APB.

HPDL cells were incubated with thapsigargin or 2APB for 30 min prior to 5 min mechanical stress
application. The addition of carboxyfluorescein resulted in the influx of fluorescence into the cells
after stress application (A-B). The presence of thapsigargin and 2APB inhibited the uptake of
carboxyfluorescein (C-F), indicating the role of an intracellular Ca2+ signaling pathway and IP3
receptor in stress-induced hemichannel opening. Scale bar = 50 pm.
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Table 1: Details of primers used in this study.
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Gene Accession number Forward Primer Reverse Primer Product
Sequence (5’ 2 37) Sequence (5’ 2 3°) size (bp)
RANKL NM 033012.3 CCAGCATCAAAATCCCAAGT CCCCTTCAGATGATCCTTC 602
OPG NM 002546.3 TCAAGCAGGAGTGCAATCG AGAATGCCTCCTCACACAGG 341
Px1 NM 015368.3 GGATCCTGAGAAACGACAGC CTCTGTCGGGCATTCTTCTC 496
Cx26 NM 004004.5 GCAGAGACCCCAACGCCGAGAC GCAGACAAAGTCGGCCTGCTCA 239
Cx32 NM 001097642.2 CTGCTCTACCCGGGCTATGC CAGGCTGAGCATCGGTCGCTCT 330
Cx37 NM 002060.2 GGTGGGTAAGATCTGGCTGA ATAGGTGCCCATCAGTGCTC 406
Cx40 NM 181703.2 GGGAGGCCATATTATTGCTG GTGGCAGAGAAGGCAGAACT 486
Cx43 NM 000165.3 GGACATGCACTTGAAGCAGA CAGCTTGTACCCAGGAGGAG 496
Cx45 NM 001080383.1 CACGGTGAAGCAGACAAGAA GCAAAGGCCTGTAACACCAT 417
Cx50 NM 005267.3 TCATCCTGTTCATGTTGTCTGTGGC | AACCTCGGTCAAGGGGAAATAGT 238
GAPDH NM 002046.3 TGAAGGTCGGAGTCAACGGAT TCACACCCATGACGAACATGG 395
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